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In this thesis, we demonstrate the experimental investigations for the 
surface/interface functionalization on nanowire and two-dimensional (2D) thin 
film devices. The nanostructures were configured as field effect transistors 
(FET) through sophisticated lithography techniques. In situ electrical transport 
characterization integrated with molecular beam epitaxy (MBE) technique 
served as the main probe to explore the modification effect of surface 
overlayers on tuning the electronic properties of nanowire and thin film based 
devices. 
    Graphene, as a truly 2D atomic layer of carbon atoms, has been 
demonstrated to be a promising candidate of the next generation electronic 
materials. In the first part of this thesis, a high work function transition metal 
oxide, molybdenum trioxide (MoO3), was utilized to non-destructively surface 
transfer dope graphene devices. Strong p-type doping effect was found after 
surface modification with nearly retained charge carrier mobility, resulting in 
remarkable enhancement of graphene conductivity, which shows promising 
applications for graphene based electronics, i.e. transparent, conducting, and 
flexible electrodes. Moreover, the MoO3 doped graphene lateral transistors 
were presented and carefully characterized. Intriguing two minimums 
phenomenon was observed in the transfer characteristics, which can be 
V 
 
understood by Klein tunneling in single layer graphene. 
    In the second part of the thesis, the surface modification effect on zinc 
oxide nanostructures was investigated. MoO3 and 
1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HATCN) were employed as 
surface modification layers to effectively tune the electronic properties of ZnO 
nanowire based FET devices. The electron mobility of ZnO nanowire was 
found to sharply decrease after the surface modification with MoO3; in contrast, 
the electron mobility significantly increased after coated with HATCN layer. 
The significant depletion of n-type conduction originates from the interfacial 
charge transfer, which was confirmed by in situ photoemission spectroscopy 
(PES) studies. At last, in situ electrical measurements were also conducted on 
ZnO thin film transistor (TFT) devices, providing a deep insight to the 
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As inspired by Richard Feynman in his visionary speech in 1959, the 
nanotechnology has become an extraordinary and integrated field from 
synthesizing nanoscale building block materials with accurately controlled size 
and composition, to constructing them to larger structures that owns excellent 
properties and versatile functions. Never before in the history has any 
technology given so many possibilities to fabricate and control such tiny 
structures as the fundamental components for functional devices and integrated 
systems with outstanding performances. The word "nano" means a billion part 
of a unit in general. In the field of nanoscience and nanotechnology, 
nanomaterials refer to the material systems with the length scale in the range of 
1-100 nm in at least one dimension. According to the number of unconfined 
dimensions, the nanomaterials can be divided into three basic categories: 
zero-dimensional (0D), one-dimensional (1D) and two-dimensional (2D) 
nanomaterials. For example, in a thin film system with the thickness within 100 
nm, the electrons can move freely in the film plane but are confined in the 
vertical dimension, which defines a typical 2D nanomaterial. Those abundant 
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nanomaterials have unique properties as compared with both macroscopic bulk 
materials and individual atom/molecule arising from their mesoscopic 
structures. Tremendous research efforts have been focused on the exotic 
properties and rich applications of various nanomaterials in recent decades
1-3
.  
    Group IV is one of the most intriguing groups in Periodic Table. The 
elements of group IV have induced significant impacts on the semiconductor 
physics, among which silicon (Si) and its derivatives have played a crucial role 
in the modern semiconductor industry and become the most promising building 
blocks in electronic devices. Carbon (C), as another important element in 
Group IV, has similar properties compared to Si, suggesting its great potentials 
for electronics. Graphene, a 2D allotrope of carbon, was first isolated in 2004, 
and subsequently attracted enormous interests. 
    Graphene is a 2D atomic layer of carbon atoms arranged in a honeycomb 
lattice structure, which was first isolated in the year of 2004 by K. S. 
Novoselov et al. using a simple mechanical exfoliation method
4
. It is the first 
time that a 2D atomic single layer was achieved in the lab conditions. In the 
same year, large area graphene was successfully grown on the silicon carbide 
(SiC) via thermal heating of substrate
5
. In order to further improve the quality 
of synthesized large scale graphene, X. Li et al. grew large area single layer 
graphene of order of centimeters on copper (Cu) foil via chemical vapor 
deposition (CVD)
6
. Following the success of graphene synthesis, tremendous 
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academic researches were placed on this exciting material
1,7-10
. Since then, 
graphene has served as an attractive material for both fundamental physics 
studies and practical device applications. Graphene has an extremely high 
Young's modulus revealing its remarkable mechanical strength
11
. For the 
electronic properties, the charge carriers type and concentration in graphene 
can be effectively adjusted by applying an external electrical field
4,8
. Moreover, 
graphene has a non-zero conductivity around Dirac point regardless of carrier 
concentration
12
. Other interesting phenomena of its electronic properties 
involve Klein tunneling and the anomalous half-integer quantum Hall 
effect
12-14
. All these characteristics of graphene open a new research area and 
greatly contribute to the development of carbon based electronics.  
    The superior electronic properties of graphene, such as extremely high 
mobility at room temperature, comparable conductivity for electrons and holes, 
and the clear electrical field effect, make it a promising candidate for the next 
generation of electronic materials. For the practical applications of graphene in 
nanoscale electronic devices, one of the most important missions is the reliable 
and effective control of its electronic properties, such as charge carrier 
concentration and type. Although the modulation of carrier concentration and 
type in graphene can be easily realized by applying either top or back gate 
voltage
15,16
, the delicate device structures and complicated fabrication 
procedures are not suitable for some real applications, such as transparent and 
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conducting electrodes in organic optoelectronic devices
17,18
. Recently, the 
surface functionalization of graphene via various organic and inorganic 
adsorbates has been proposed and extensively investigated for different 
applications
19
. It has been demonstrated that the interfacial charge transfer 
dominated functionalization can effectively and non-destructively tune the 
electronic properties of graphene, which facilitates the wide device applications 
for surface functionalized graphene. In the first part of this thesis, the surface 
doping effect of graphene was carefully explored from the device perspective, 
through the surface functionalization of molybdenum trioxide (MoO3) (a high 
work function transition metal oxide). Furthermore, the MoO3 doped graphene 
lateral transistors were presented and characterized, exhibiting the Klein 
tunneling transport in single layer graphene. 
    In addition to the 2D nanostructures, 1D nanomaterials with the 
confinement in two dimensions, e.g. nanowires with diameter below 100 nm, 
have shown many superior characteristics depending on their size and 
composition. These structures not only provide an ideal model to investigate 
fundamental physics in low dimensions, but also are suitable for building 
nanoscale devices with the objective of high density circuit integration. 
Semiconductor nanowires have attracted enormous research efforts due to their 







 nanowires. The semiconductor nanowires based field 
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effect transistors (FET) have demonstrated ultralow power and enhanced speed 
during operation, suggesting their great potentials for nanoelectronic 
applications. Among II-IV semiconductor nanowires, zinc oxide (ZnO) 
nanowire has been widely investigated owing to its unique physical properties 
and abundant device applications
29,30
. 
    Numerous techniques have been developed to synthesize ZnO nanowires 
with the better control of size and crystallinity, where the CVD technique has 
been demonstrated to reliably grow ZnO nanowires under different 
mechanisms
31-33
. ZnO nanowire has a direct wide band gap and large exciton 
bind energy, making it a promising candidate for various optoelectronic 
applications, such as ultraviolet (UV) lasers
34-36





, and solar cells
41
. Owing to the rich surface defects and 
large surface-to-volume ratio, ZnO nanowire presents the remarkable 
sensitivity to various surface adsorbates
42-46
. In order to effectively tune the 
electronic properties of ZnO nanowire, the previously proposed surface doping 
method based on interfacial charge transfer can be applied to ZnO nanowire as 
well. Similar to the studies on graphene, we demonstrate the doping effect of 
surface overlayers on ZnO nanowire FET devices in the second part of this 
thesis. The device measurement results are in good agreement with our in situ 
photoemission spectroscopy (PES) measurements. Since the PES 
measurements were conducted on the ZnO thin film, the similar device 
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measurements were also implemented on the ZnO thin film based FET devices 
to further verify the similar doping effect. As a parallel comparison to ZnO 
nanowire, the results on ZnO thin film devices are more correlated with the 
PES measurements, providing a deep insight to the interfacial charge transfer 



















1.2 Basic electronic properties and surface functionalization of graphene 
 
1.2.1 Basic electronic properties of graphene 
 
Graphene, as a truly two-dimensional material, has revolutionized the low 
dimensional physics and led to versatile novel nanoscale device applications, 
since it was first experimentally obtained in lab conditions in 2004
4
. Though 
graphene has been widely studied from the theoretical perspective before it 
became reality
47-49
, the experimental isolation of graphene indeed surprised 
condensed matter physicists because 2D crystals such as graphene were 
believed to be thermodynamically unstable and unable to exist in nature
50-52
. 
Moreover, it is really astonishing that graphene was found to be not only 
continuous but also of remarkable crystallinity.  
 
Lattice and band structure 
 
As shown in Fig. 1.1 (a), graphene has a 2D honeycomb lattice structure that is 
composed of two interpenetrating triangular carbon sublattices, A and B
10
. 
Each carbon atom is neighbored by three atoms with an atomic separation of 
~1.42 angstrom and has one s and three p orbitals
7
. The s and two in-plane p 
orbital are sp
2
 hybridized to form three in-plane σ bonds that do not contribute 
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to the conductivity. The remaining p orbital that is perpendicular to the planar 
structure, forms π bond with neighboring carbon atoms, contributing to the 
electronic conduction in graphene and weak interaction between graphene 
layers or graphene and substrates. Fig. 1.1 (b)-(d) present the typical band 
structure of single layer graphene
10
. Attributed to the quantum mechanical 
hopping between the sublattices, graphene band structure consists of two 
conical valence and conduction band intersecting at the K symmetry points (K 
and K') in the Brillouin zone, called Dirac points. This gives rise to the linear 
dispersion of low energy spectrum with the magnitude of momentum described 
by the equation FE v k , where  is Planck constant and the Fermi 
velocity 300Fv c . Owing to the linear spectrum, the quasiparticles of 
graphene behave differently from those in conventional semiconductors where 
the energy spectrum can be approached by a parabolic dispersion relation (free 
electron like). From the point view of basic physics, the charge carriers in 
graphene imitate the massless relativistic quasiparticles, leading to a variety of 









Fig. 1.1 (a) Hexagonal honeycomb lattice structure of graphene with two sublattices 
(A and B). (b) Three-dimensional band structure of graphene. (c) Dispersion of the 
graphene states. (d) Approximation of the low energy band structure as two cones 
intersecting at the Dirac point (reprinted with permission from Ref. [10]). 
 
Electrical field effect  
 
When an external electrical field is applied to graphene (e.g. applying a back or 
top gate voltage), the Fermi level can be continuously tuned from valence band 
to conduction band, indicating the n-type (electron) and p-type (hole) 
conduction as the Fermi level drops in conduction and valence band, 
respectively, as exhibited in Fig. 1.1 (d). The electron and hole concentration of 
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where vF is the Fermi velocity of graphene, EF and ED are the energy position 
of Fermi level and Dirac point, respectively. As a result, graphene has been 
found to present a pronounced ambipolar electrical field effect, where charge 
carriers can be continuously modulated between electrons and holes in the 









. Fig. 1.2 presents a typical ambipolar transfer 
characteristic of single layer graphene
1
. The mobility of graphene significantly 
depends on the environmental conditions, such as substrate and surface 
contamination. To minimize the extrinsic scattering induced by the ambient 
environment, the graphene has been either suspended
55,56
 or transferred to 
boron nitride (BN) substrate
57,58
, which yields over 100 000 cm
2
/Vs mobility 
even under room temperature.  
 
 
Fig. 1.2 Ambipolar electrical field effect of single layer graphene. The inset exhibits 
the low energy spectrum, indicating the change of Fermi level position in the spectrum 





    Another important electronic property of graphene is the non-zero 
conductivity at Dirac point regardless of carrier concentration. It was observed 
that graphene exhibits a non-zero minimal conductivity that is close to the 
conductivity quantum e
2
/h for each type of carrier even in the limit of 
vanishing carrier concentration
12
. This minimal conductivity originates from 
the fact that the localization effects in graphene are largely suppressed due to 
the presence of disorder at Dirac point. The presence of minimal conductivity 







The transmission of a particle through a classically prohibited energy barrier 
can be considered as a representative quantum phenomenon, which cannot be 
explained by classical mechanics. The presence of such transmission, well 
known as quantum tunneling, highlights the core concept of wave-particle 
duality in quantum mechanics. In non-relativistic quantum mechanics, the 
nature of a quantum system is described by Schrödinger equation. This leads to 
the fact that for a potential barrier with height beyond the energy of incident 
particles, the transmission probability exponentially decays with increasing 
barrier height. However, the case of tunneling is totally different in a 
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relativistic quantum system that is dominated by Dirac equation. As first 
proposed by Klein in 1929
61
, an incident particle is able to penetrate through an 
energy barrier with the height exceeding the rest energy of particle, where the 
transmission probability only weakly depends on the barrier height and 
approaches the perfect transmission for very high barriers, in sharp contrast to 
conventional, non-relativistic tunneling. This so-called Klein paradox
62,63
 
which means the unresisted transmission through high and wide energy barriers 
for relativistic particles, is one of the most extraordinary and counterintuitive 
results of relativistic quantum mechanics.  
    Although Klein tunneling was widely discussed in many theoretical 
works
62-64
, the direct experimental tests utilizing elementary particles have 
been proved impossible. Nevertheless, graphene as a 2D carbon monolayer, 
can be used as a medium to testify this effect due to the massless relativistic 
nature of its quasiparticles. The Klein tunneling for massless Dirac fermions in 
single layer graphene has been theoretically studied based on the model given 
by Fig. 1.3 (a), predicting that the carriers normally incident to the potential 
barrier can fully transmit with the probability one regardless of the height and 
width of the barrier
65
. The incident angle dependent transmission probability is 
illustrated in Fig. 1.3 (b) with different barrier heights. The transport across 
potential barriers in graphene has also been experimentally investigated by 





. It was found that the resistance across a potential barrier 
can be accounted for by simply adding the resistance of two independent steps 
in series up to a small correction
68
, which supports an interpretation of Klein 
tunneling. On the other hand, it is worth noting that the simulation results for 
Klein tunneling in graphene is temperature independent and meanwhile all the 
experimental investigations were conducted in low temperature conditions. 
 
 
Fig. 1.3 (a) Schematic diagram of spatial energy spectrums in graphene with a 
conceptual potential barrier. (b) Transmission probability as a function of incident 
angle with respect to the normal direction of barrier plane. The barrier heights are 200 
meV (red curve) and 285 meV (blue curve) (reprinted with permission from Ref. 
[65]). 
 
1.2.2 Surface functionalization of graphene 
 
Graphene is an excellent candidate for carbon based nanoelectronics. One of 
the most essential tasks for the development of graphene based electronics is to 
reliably and effectively control its electronic properties, such as charge carrier 
14 
 
type and concentration. In recent years, surface functionalization via various 
atomic and molecular species has been demonstrated to effectively manipulate 
graphene's electronic properties
19
, which is a more flexible and efficient tuning 
method compared with the electrostatic modulation by an external electrical 
field.  
 




 hybridized carbon atoms in graphene are chemically unsaturated, 
which indicates that other surface species can covalently bond with graphene, 




. It has been found that 
graphene can react with hydrogen atoms to transform this conductive 
semimetal to an insulator
69
, revealing the band gap opening of graphene by this 
reversible hydrogenation. Moreover, room temperature ferromagnetism was 
also observed in partially hydrogenated gaphene
70
. Besides hydrogenation, 
fluorination of graphene can be utilized to tune its properties as well. The 
fluorinated graphene shows a perfect insulating behavior with an optical band 
gap of 3 eV; whereas the mechanical strength of graphene is still retained after 
fluorination
71,72
. Although the electronic properties of graphene can be 
effectively adjusted by covalent functionalization, the intrinsic electronic 







, resulting in the severe degrade of high charge 
carrier mobility of graphene
73,74
. In order to overcome this shortcoming, 
non-covalent functionalization has been employed to manipulate graphene's 




Fig. 1.4 Schematic illustration of (a) covalent and (b) non-covalent functionalization 
(reprinted with permission from Ref. [19]). 
 
1.2.2.2 Non-covalent functionalization 
 
Non-covalent functionalization of graphene has been extensively investigated 
for a large variety of organic and inorganic species, demonstrating the 
remarkable manipulation of graphene's electronic properties. Less disturbance 
of π-conjugated structure of graphene is induced during non-covalent 
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functionalization resulting from the relatively weak van der Waals (vdW) 
interaction or the π-π interaction between adsorbed species and graphene. As a 
result, the native physical properties of graphene are nearly preserved. Fig. 1.4 
(b) presents the π-conjugated molecules coupling with graphene via vdW 
interaction. 
     
Surface transfer doping of graphene 
 
Surface transfer doping has been demonstrated to be an effective and 
non-destructive doping method for semiconductors, especially for 
nanomaterials due to their large surface-to-volume ratio. The interfacial charge 
transfer between surface adsorbates and underlying semiconductors dominates 
this doping process, where the doping efficiency is generally determined by the 
work function difference between the adsorbed species and semiconductors to 
be doped. In particular, we take the graphene/adsorbed molecules interface as 
an example to demonstrate this interfacial charge transfer mechanism. The 
electron affinity (EA) and ionization potential (IP) of the adsorbed molecules 
with respect to the work function of graphene are the key factors to specify the 
charge transfer efficiency between them, where EA or IP refers to the energy 
difference between vacuum level (VL) and lowest unoccupied molecular 
orbital (LUMO) or highest occupied molecular orbital (HOMO), respectively. 
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If the surface adsorbed molecules possess a large EA making their LUMO lie 
below the Fermi level of graphene, the electrons will be spontaneously 
transferred from graphene to the LUMO of molecules resulting in a p-type 
(hole) doping in graphene. In contrast, if the molecules have a small IP that 
locates the HOMO of adsorbed molecules above the Fermi level of graphene, 
spontaneous electron transfer will occur from the HOMO of molecules to 
graphene, indicating a n-type (electron) doping in graphene. 
Various organic molecules have been utilized to surface dope 
graphene
18,75-78
. Many of these molecules own good thermal stability and can 
be easily processed via wet chemistry. Tetrafluoro-tetracyanoquinodimethane 
(F4-TCNQ), as an effective p-type dopant with high EA (~5.24 eV), has been 
demonstrated to efficiently p-type dope epitaxial graphene (EG) on SiC. Fig. 
1.5 shows the PES core level spectra of C 1s and Si 2p during the deposition of 
F4-TCNQ on EG
76
. The EG related C 1s peak gradually shifted to the low 
binding energy with the increased thickness of F4-TCNQ, indicating a clear 
upward band bending attributed to the hole accumulation in EG. On the other 
hand, Si 2p peak remained at the same binding energy during F4-TCNQ 
deposition, revealing that the charge transfer at EG/F4-TCNQ interface did not 
occur at the EG/SiC interface. These excessive holes generated by molecular 
doping were confined at the F4-TCNQ/EG interface and acted as effective 
charge carriers. Alternatively, the similar band evolution of EG on SiC with 
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F4-TCNQ deposition was also observed by angle-resolved photoemission 
spectroscopy (ARPES)
77
. Apart from F4-TCNQ, various aromatic molecules 
have been also adopted to surface functionalize single layer graphene, 
including 9,10-dimethylanthracene (An-CH3), 1,5-naphthalenediamine 
(Na-NH2), 9,10-dibromoanthracene (An-Br), and tetrasodium 
1,3,6,8-pyrenetetrasulfonic acid (TPA)
78
. The doping effect of these aromatic 
molecules was studied via both Raman spectroscopy and FET measurements. 
As exhibited in Fig. 1.6 (a)(b), An-Br and TPA, as the electron acceptor 
molecules, induced blue shift for both Raman G and 2D peaks in graphene; 
while An-CH3 and Na-NH2 caused blue shift for 2D peak but red shift for G 
peak, due to their electron donating behavior. Besides, FET measurement 
results also reveal the p-type doping effect for TPA and n-type doping effect 
for Na-NH2 in single layer graphene, resulting from the positive and negative 
shift of Dirac point for TPA and Na-NH2 doped graphene, respectively, as 





Fig. 1.5 PES core level spectra of (a) C 1s and (b) Si 2p during the deposition of 
F4-TCNQ on EG (reprinted with permission from Ref. [76]). 
 
 
Fig. 1.6 (a) Raman G (left) and 2D (right) spectra of single layer graphene doped with 
different aromatic molecules. (b) G and 2D peak shifts for different molecules. 
Transfer characteristics for graphene FET doped with (c) TPA and (d) Na-NH2 
molecules (reprinted with permission from Ref. [78]). 
 
In addition to organic molecules, versatile inorganic species have already 
been demonstrated to effectively surface dope graphene as well, such as metal 
atoms and metal oxide thin films. Alkali metal atoms, such as potassium (K), 
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can easily release the valence band electrons, and therefore induce n-type 
doping for graphene
79,80
. However, the Alkali atoms are very chemically 
reactive and their suitability for electronic device is still questionable. As the 
chemically stable metal species, bismuth (Bi), antimony (Sb), and gold (Au) 
have presented remarkable p-type doping effect for EG on SiC, via ARPES 
measurements
81
. The significant interfacial charge transfer between graphene 
and metal atoms is believed to be determined by their work function difference. 
However, the transition metals, titanium (Ti), iron (Fe), and platinum (Pt), 
induce the n-type doping on graphene at low coverage, regardless of their work 
functions with respect to that of graphene
82
. Fig. 1.7 exhibits the gate 
dependent conductivity with increased coverage of Ti, Fe, and Pt. Significant 
negative Dirac point shifts occurred after the deposition of these metal atoms, 
revealing the remarkable electron doping effect in graphene. This strong n-type 
doping is mainly attributed to the interfacial dipole generated at metal/graphene 
interface as predict by theory
83
 but not the relative work function. Recently, the 
transition metal oxide molybdenum trioxide, as an efficient p-type dopant, has 
been extensively utilized in organic electronics owing to its high work 
function
84-88
. By employing the MoO3 on EG on SiC, the effective surface 
transfer p-type doping effect has been demonstrated based on in situ PES 
study
89
. The PES core level spectra of C 1s and Si 2p with respect to MoO3 
thickness is illustrated in Fig. 1.8 (a). A significant upward bend banding of 
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~0.7 eV was observed with the deposition of 0.8 nm MoO3, indicating a strong 
interfacial charge transfer from graphene to MoO3. The bulk SiC related Si 2p 
peak did not shift during MoO3 deposition, which suggests that there was no 
significant charge transfer at EG/SiC interface and the generated holes were 
mainly confined in 2D EG layer. From the device perspective, the p-type 
doping effect of MoO3 on graphene devices has also been investigated via 
electrical transport measurements
90
. The Hall measurement results before and 
after MoO3 modification are presented in Fig. 1.8 (b). The well defined 
quantum Hall plateaus were still observed after doping, which indicates that the 
high mobility and unique electronic properties of pristine graphene were 
retained with MoO3 deposition. Nevertheless, owing to the severe decrease of 
MoO3 work function under air exposure, the strong p-type doping effect of 






Fig. 1.7 Gate dependent conductivity at selective coverage for Ti, Fe, and Pt (reprinted 
with permission from Ref. [82]). 
 
 
Fig. 1.8 (a) PES core level spectra of C 1s and Si 2p with respect to the MoO3 
thickness (reprinted with permission from Ref. [89]). (b) Hall resistance versus 
magnetic field measured at 2 K before and after MoO3 modification (reprinted with 






Band gap opening in bilayer graphene 
 
Single layer graphene has an intrinsic zero band gap attributed to the 
intersection of valence and conduction band at K points of Brillouin zone. This 
zero band results in a pretty low on/off ratio in graphene FET devices, which 
makes the band gap opening become one of the most urgent tasks for the 
development of graphene based electronics. As we known, the band gap of 
graphene can be slightly opened up to a few hundreds of meV by fabricating 




, due to 
the breaking of energy degeneracy of graphene bands by quantum confinement 
effect. On the other hand, the fabrication of such tiny graphene nanostructures 
requires very precise nanolithography techniques, which is not suitable for 
practical device applications. Moreover, whether the superior electronic 
properties of graphene can be preserved in such graphene nanostructures is still 
questionable. 
    A controllable and effective scheme to open graphene's bandgap is to 
break the sublattice symmetry of graphene lattice
94
, which can be fulfilled by 
stacking two graphene layers along the c axis according to the AB Bernal 
stacking
95
. However, for pristine bilayer graphene, two additional lower energy 
bands touch with each other to close the band gap. If one of graphene layers is 
tuned to be non-equivalent to the other in bilayer graphene, a band gap can be 
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generated between these two energy bands. The external electrical field can be 
applied to induce such non-equivalence, thereby breaking the bilayer 
symmetry
96,97
. In this case, complicated lithography processes and high gate 
voltages are required to open the band gap of bilayer graphene. On the other 
hand, surface charge transfer doping method can be also employed to generate 
the high internal electrical field, which can largely simplify the fabrication 
procedure compared with the electrostatic modulation scheme.  
    The band gap of bilayer EG on SiC has been demonstrated to be 
effectively tuned via the surface modification of F4-TCNQ molecules
77
. 
ARPES spectra of bilayer graphene during F4-TCNQ deposition are shown in 
Fig. 1.9. The intrinsic n-type doping nature of EG on SiC located the Dirac 
point ~0.3 eV below the Fermi level. A ~100 meV band gap was observed for 
pristine bilayer EG, originating from the electrostatic asymmetry caused by the 
interfacial dipole at EG/SiC interface. During the deposition of F4-TCNQ, the 
size of graphene band gap gradually increased with the simultaneous rise of 
Dirac point. As a result, a large band gap of ~275 meV was generated after the 
deposition of 1.5 nm F4-TCNQ. In order to induce larger asymmetry between 
two layers of bilayer graphene, different doping manner can be applied on 
separate layers, such as p-type doping of bottom layer and n-type doping of top 
layer. The band gap opening has been demonstrated in triazine coated bilayer 
graphene FET
98
. Since the bottom layer was p-type doped by oxygen (O2) and 
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water vapor trapped between graphene and silicon dioxide (SiO2) substrate
99,100
, 
the electron donating nature of triazine molecules induced n-type doping on the 
top layer, producing a higher on/off ration of ~55 with respect to the pristine 
bilayer graphene (~10.8), as demonstrated in Fig. 1.10.  
 
 
Fig. 1.9 ARPES band structure measured around the K' point of graphene Brillouin 
zone as a function of F4-TCNQ thickness (reprinted with permission from Ref. [77]). 
 
 
Fig. 1.10 Transfer characteristics ((a) logarithmic scale (b) linear scale) of bilayer 
graphene FET before and after triazine decoration under different conditions 






1.3 Basic properties and surface effects of ZnO nanostructures 
 
1.3.1 Basic properties of ZnO crystals 
 
ZnO exhibits a stable wurtzite structure in general conditions
101
. As shown in 
Fig. 1.11, each zinc atom is tetrahedrally neighbored by four oxygen atoms, 
which can be regarded as two interpenetrating hexagonal close-packed (hcp) 
lattices of zinc and oxygen. The crystalline nature of ZnO can be indexed to 
known hexagonal structures with a ~0.325 nm, b ~0.325 nm, and c ~0.52 nm. 
ZnO has a direct wide band gap of ~3.37 eV at room temperature. Compared to 
other wide band gap materials, ZnO owns larger exciton bind energy of ~60 
meV which ensures the efficient exciton emission at room temperature
29,30
. 
    ZnO is well known as an intrinsic n-type semiconductor, originating from 
its native defects, such as oxygen vacancies or zinc interstitials. The electron 
donors form the defect states with shallow levels of ~30-60 meV
102-104
 and 
deep levels of ~0.7-2.3 eV
105-107
 below the conduction band. The defect states 
of ZnO can be investigated by various spectroscopy techniques, whereas low 
temperature photoluminescence (PL) is a very sensitive tool to characterize the 
native defects
104,108,109
. The typical room temperature PL spectrum of ZnO 
consists of a band gap emission peak at ~3.37 eV and a defect-related emission 
peak centred at ~2.5 eV with a broad distribution resulting from both the 
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shallow and deep defect states within the band gap
31,33,109
. Fig. 1.12 (a) shows 
the PL spectra of ZnO nanowires with different diameter at room temperature
31
. 
The progressive increase of defect-related emission as the diameter decreases 
indicates a higher fraction of defects in thinner nanowires. This mainly arises 
from the increase of surface-to-volume ratio for thinner nanowires. The band 
gap emissions of nanowire with different diameter measured at low 
temperature are compared in Fig. 1.12 (b)
109
. The spectrum of thinner nanowire 
(diameter ~15 nm) shows a blue shift of dominant emission peak compared to 
thick nanowire (diameter ~200 nm), suggesting the surface bound exciton 




Fig. 1.11 ZnO crystalline structure: (a) the wurtzite structure (b) the wurtzite unit cell 





Fig. 1.12 (a) PL spectra of ZnO nanowires with different diameter. A, B, C correspond 
to the diameter of 100 nm, 50 nm, and 25 nm, respectively (reprinted with permission 
from Ref. [31]). (b) Band gap emission of thin (~15 nm) and wide (~200 nm) 
nanowires at 13 K (reprinted with permission from Ref. [109]). 
 
1.3.2 Surface effects on ZnO nanowires 
 
ZnO nanostructures have demonstrated the superior sensitivity to various 
surface adsobates, such as gas molecules and surface coating layers, attributed 
to their large surface-to-volume ratio. Moreover, similar to other metal oxide 
materials, ZnO nanostructures have large amount of surface defects, 
predominantly oxygen vacancies, serving as the binding sites for chemical 
adsorption processes and thereby contributing to the scattering and trapping of 
charge carriers
110
. For ZnO nanowire, its extremely large aspect ratio and 
abundant surface defects make it very sensitive to surface species, facilitating 






ZnO nanowires have been widely explored for the gas sensing applications 
owing to their superior electrical response upon gas exposure
42-46
. Oxygen 
sensing properties of individual ZnO nanowire FET device have been 
investigated in details
44
. The transfer characteristics of single ZnO nanowire 
FET at different oxygen pressures are shown in Fig. 1.13 (a). The current 
significantly decreased and threshold voltage positively shifted when more 
oxygen was added in, indicating the remarkable decrease of carrier 
concentration upon oxygen exposure. The field effect mobility extracted from 
the linear region of transfer curve exhibits a lower decease rate than carrier 
concentration. This significant current decrease is attributed to the fact that 
oxygen molecules adsorbed on the surface of ZnO nanowire to form the 
oxygen ions, which trapped the conduction electrons, thereby leading to the 
surface depletion in the nanowire conduction channel. In addition to oxygen, 
the ethanol sensing characteristics of ZnO nanowire based electrical device 
have been demonstrated as well
43
. The fabricated gas senor based on massive 
ZnO nanowires shows high sensitivity and fast response to the ethanol gas at a 
work temperature of 300 
o
C, as shown in Fig. 1.13 (b). It was found that the 
sensitivity increased with increasing ethanol concentration and work 





C work temperature. The ZnO nanowire senor exhibits a high resistance 
in air ambient due to the adsorption of oxygen molecules on the nanowire 
surface. When it was exposed to ethanol ambient at moderate temperature, the 
ethanol gas reacted with the surface oxygen species, which decreased the 
surface concentration of oxygen ions. The reductive nature of ethanol gas 
largely released the initially trapped electrons in air ambient and eventually 
reduced the resistance of ZnO nanowires.  
 
 
Fig. 1.13 (a) Transfer characteristics of single ZnO nanowire FET at different oxygen 
pressures (reprinted with permission from Ref. [44]). (b) Response and recovery 
characteristics of ZnO nanowires upon exposure to ethanol with different 




Ascribed to the remarkable sensitivity of ZnO nanowire to various atmospheres, 
it is very necessary to add surface coating layers on ZnO nanowire to prevent 
gas molecules from adsorbing onto the nanowire, hence obtaining the stable 
device performance under different gas ambients. Moreover, the ZnO nanowire 
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based devices have demonstrated the significant enhancement of device 
performance, such as mobility, after coating surface passivation layers, which 
originates from the compensation of surface defects with surface passivation. S. 
Song et al. have investigated the passivation effects of polymethyl 
methacrylate (PMMA) layer on the electrical characteristics of ZnO nanowire 
FET under various environments of oxygen, air, and vacuum
111
. As presented 
in Fig. 1.14, before passivation, the threshold voltage of ZnO nanowire FET 
shifted to the positive gate voltage direction from both air and vacuum to 
oxygen ambient, indicating the trapping of electrons in ZnO nanowire due to 
the increased surface adsorption of oxygen molecules. On the contrary, when 
the device was passivated with PMMA layer, the transfer curves for three 
different environments nearly coincided with each other, revealing the isolation 
of oxygen molecules from nanowire surface after passivation. This work 
suggests that the passivation with PMMA layer can protect ZnO nanowire from 
oxygen adsorption, and hence maintain its electrical properties under different 
environments. In addition, the device performance of ZnO nanowire FET has 
been shown to remarkably improve through the surface passivation of various 
species
112-114
. Fig. 1.15 (a) illustrates the transfer characteristics of ZnO 
nanowire FET before and after passivation of SiO2 layer
113
. The clear 
enhancement of mobility and on/off ratio can be derived from the electrical 
measurements. The greatly high performance of ZnO nanowire FET has been 
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achieved by the surface passivation of silicon dioxide/silicon nitride 
(SiO2/Si3N4) bilayer
114
. As demonstrated in Fig. 1.15 (b), the mobility of ZnO 
nanowire device can reach as high as ~4000 cm
2
/Vs with SiO2/Si3N4 
passivation. This superior device performance is mainly attributed to the 
passivation of surface states that act as scattering and trapping centers during 
electrical transport.  
 
 
Fig. 1.14 Transfer characteristics of ZnO nanowire FET under air, oxygen, and 
vacuum conditions (a) before and (b) after PMMA passivation (reprinted with 
permission from Ref. [111]). 
 
 
Fig. 1.15 (a) Transfer curves of ZnO nanowire FET before and after passivation of 
SiO2 (reprinted with permission from Ref. [113]). (b) Transfer curves of SiO2/Si3N4 
passivated ZnO nanowire FET with respect to different source drain voltages 




1.4 Objective of this thesis 
 
In the first part of this thesis, the conventional back gated graphene FET 
devices were presented for both CVD and mechanically exfoliated graphene. 
The surface doping effect of MoO3 on graphene was systematically 
investigated based on the in situ FET characterization combined with 
molecular beam epitaxy (MBE) technique. In addition, the MoO3 doped 
graphene lateral transistors were illustrated and carefully examined. The 
intriguing two minimums phenomenon appeared in the transfer characteristics 
of such lateral transistors, which can be interpreted by Klein tunneling in single 
layer graphene. Following the similar characterization methods, we 
demonstrate the effective tuning of electronic properties of ZnO nanostructures 
based FET devices in the second part of this thesis, through surface 
functionalization of in situ deposited overlayers. The in situ PES measurements 
were also performed to further verify the interfacial charge transfer mechanism 
at ZnO/doping layer interface. In this part, both ZnO nanowire and thin film 
based FETs were fabricated and in situ characterized, giving rise to a deeper 
understanding for surface/interface charge transfer mechanism. 
    The thesis is organized as follows: chapter 2 briefly introduces the 
experimental techniques utilized in this thesis, including the preparation 
methods of graphene and ZnO nanostructures, and specific techniques used in 
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device fabrication and measurement procedure. The experimental results are 
presented and discussed in chapter 3, 4 and 5. Chapter 3 demonstrates the 
surface transfer doping effect of MoO3 modified graphene from the in situ FET 
measurement perspective. Chapter 4 investigates the electrical transport of 
MoO3 doped graphene lateral transistors. In chapter 5, in situ FET 
characterization and PES measurement were combined to explore the surface 
functionalization of overlayers on ZnO nanostructures. Both ZnO nanowire and 
thin film devices were presented and characterized in this chapter. In the end of 


















In this chapter, we will briefly introduce the main experimental techniques 
used in our experiments, involving sample preparation, device fabrication and 
measurement, and photoemission spectroscopy, which provides a background 
for understanding the experimental details in the following results chapters. 
 
2.1 Preparation of graphene and ZnO nanostructures 
 
2.1.1 Micromechanical exfoliation 
 
Micromechanical exfoliation from graphite has been proved the most effective 
method to isolate graphene sheets, since it was first discovered by A. Geim’s 
group in 2004
4
. Owing to its high quality and easy patterning for transport 
measurements, the exfoliated graphene has been extensively utilized especially 
for academic researches. Graphite is well known as a layer-by-layer structure 
which can be considered as the vertical stacking of graphene layers. Every 
carbon atom of each layer is covalently bonded with three in-plane neighboring 
atoms; while all of the layers are weakly coupled to each other via the van der 
Waals interaction. This weak interlayer coupling makes it possible to isolate 
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single layer graphene out of the 3D graphite lattice structure even using scotch 
tapes. 
    In our experiments, the simple micromechanical exfoliation method was 
conducted to isolate single layer graphene from highly oriented pyrolytic 
graphite (HOPG). The experimental details are described as follows
115
: A small 
piece of HOPG was gently placed on the scotch tape and thus pulled out, 
leaving small graphite flakes on the tape. Subsequently, the scotch tape was 
face to face folded followed by the smooth and slow peeling of the tape, which 
produced new graphite flakes on the other side of the tape. Similar steps of 
folding and peeling were repeated on other blank regions of the tape until a 
faint patch of graphite was obtained. This section of scotch tape was then 
carefully attached on the Si substrate coated with 300 nm SiO2 layer, followed 
by the moderate pressing on the Si surface. At last, the tape was gently peeled 
from the Si chip with small size flakes remaining on the substrate. The 
exfoliated graphene sheets, usually with the size of tens of micrometers, can be 
identified under the high resolution optical microscope, arising from their high 
optical contrast on 300 nm SiO2
116
. The typical exfoliated graphene on 300 nm 
SiO2/Si substrate is shown in Fig. 2.1 (b). The 300 nm SiO2 layer serves as not 
only the underlying substrate making the graphene visible, but also the 
dielectric material isolating the back gate electrode from the conduction 







Fig. 2.1 (a) Illustration of micromechanical exfoliation process. (b) Optical image of 
exfoliated graphene on 300 nm SiO2/Si substrate. 
 
2.1.2 Chemical vapor deposition 
     
Synthesis and transfer of graphene 
 
The graphene prepared by micromechanical cleavage has high crystalline 
quality, but its size and productivity is severely limited, which makes it 
impossible for practical applications. Large area graphene has been 
successfully grown on the SiC substrate by a thermal decomposition 
method
5,117-119
. Through high temperature annealing of the SiC substrate in 
ultra-high vacuum (UHV), the SiC decomposes to evaporate Si and remaining 
carbon atoms on the top of substrate nucleate into a graphitic film. However, 
the epitaxy graphene grown on SiC usually has small grain size and multilayer 
structure. Furthermore, the EG is greatly coupled to the SiC substrate and 
hardly transferred to other insulating substrates. In order to synthesize large 
scale graphene with improved quality, chemical vapor deposition method has 
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, which act as catalysts for chemical reaction. The CVD growth 
on Cu foil has been demonstrated to be one of the most promising and effective 
methods to synthesize large area and high quality single layer graphene. 
Moreover, the low cost of Cu foil compared to expensive SiC substrate makes 
it an ideal choice for industrial production. The typical experimental setup for 
CVD synthesis of graphene is schematically shown in Fig. 2.2. A quartz tube is 
generally used as the reaction chamber placed in a thermal furnace. The flow of 
hydrocarbon (e.g. methane (CH4)) and hydrogen (H2) goes in from one end of 
the tube, and pumps out to the other end. The Cu foil is placed at the center of 
the tube as the growth substrate. At high temperature, the hydrocarbon is 
reduced by H2 to provide carbon sources that deposit on Cu surface and form 
graphitic films. The temperature, gas flow rate, and chamber pressure can be 
precisely controlled to facilitate favorable growth conditions.  
 
 






    The CVD synthesized graphene on metal films is required to be 
transferred to flat insulating substrate, such as SiO2/Si, for electrical 
measurements or spectroscopy characterizations. The wet chemical etching 
transfer method has been widely used to transfer CVD graphene to different 
substrates
6,120-124
. The experimental procedure for wet transferring CVD 
graphene grown on Cu foil to SiO2/Si substrate is demonstrated in Fig. 2.3 (a). 
Firstly, a PMMA layer was spin coated on one side of Cu foil with graphene 
grown on both sides. The back side graphene was subsequently etched by 
oxygen plasma. The Cu foil was then etched by specific chemical solution, 
such as ammonium persulfate (APS), yielding a thin PMMA/graphene 
membrane. After rinsing in deionized (DI) water for several times, this 
membrane was transferred onto the SiO2/Si substrate followed by immediate 
annealing in atmosphere to evaporate the water between graphene and substrate. 
An appropriate amount of liquid PMMA solution was then dropped on the 
PMMA/graphene layer, thereby partially dissolving the precoated PMMA. This 
redissolution of PMMA tended to release the mechanical stress on the 
underlying graphene, which can lead to a better contact with the substrate
123
. 
Finally, the substrate was soaked in acetone to remove the PMMA capping 
layer, producing a large area and uniform graphene sheet on the SiO2/Si 





Fig. 2.3 (a) Schematic of graphene transfer procedure. (b) Optical image of CVD 
graphene transferred to 300 nm SiO2/Si substrate. 
 
Synthesis of ZnO nanowires 
 
A number of techniques have been used to synthesize ZnO nanowires with 
better control of their size and crystallinity. In general, ZnO nanowires can be 
produced by either vapor
31-33
 or liquid phase
125,126
 growth methods. For vapor 
phase growth, CVD techniques have been commonly utilized based on 
vapor-liquid-solid (VLS) and vapor-liquid (VS) mechanism. The standard 
CVD setup to grow ZnO nanowires consists of a rapid thermal furnace, quartz 
tube, gas flow controller, and pumping system, which is similar to CVD 
graphene synthesis. The ZnO/graphite mixture powder generally serves as the 
Zn source located at one side of quartz tube. Under the high temperature, the 
ZnO is reduced to Zn that evaporates to the reaction chamber. Upon the 
carriage of oxygen/argon (O2/Ar) gas flow, the Zn vapor reacts with oxygen 
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and nucleates on the growth substrate. During the CVD synthesis, ZnO 
nanowires grow on the substrate under VLS or VS mechanism. In the VLS 
mechanism, the catalytic particles (e.g. Au) are deposited on the substrate as 
seeding sites. At high temperature, Zn vapor dissolves into metal catalysts to 
form alloy droplets. At supersaturation, the Zn precipitates out and reacts with 
O2 to grow ZnO nanowires
31
. In contrast, there is no catalyst on the substrate in 
VS growth process, which can be regarded as a self-catalytic process
32,33
. In 
addition, the vertically growth of ZnO nanowires can be fulfilled by lattice 
matching with substrate during CVD synthesis. Taking the sapphire as an 
example, since the interfaces in directions except the sapphire c-axis are 
incommensurate, ZnO nanowires tend to grow vertically from the sapphire 
substrate
31
, as presented in Fig. 2.4.  
 
 
Fig. 2.4 SEM image of vertically grown ZnO nanowires on a-plane sapphire 







2.1.3 Pulsed laser deposition 
 
The technique of pulsed laser deposition (PLD) has been widely used for 
epitaxial growth of metal oxide films, such as ZnO thin films
127-131
. Compared 
with other growth techniques, PLD provides many advantages for oxide 
epitaxy, such as low temperature growth, high quality of as-grown films, and 
easy control of crystalline phase stability and oxygen stoichiometry. In a 
typical PLD growth process, a pulsed laser is focused onto a high purity oxide 
target (e.g. 99.999% ZnO crystal), leading to the ablation of target material. 
The ablated materials are evaporated to the oxygen atmosphere of low pressure, 
and subsequently deposit on the growth substrate with annealing. The quality 
of as-grown films can be adjusted by various growth parameters, such as the 
substrate temperature, oxygen pressure, and laser fluence. For the PLD growth 
of ZnO thin films, a variety of substrates have been utilized, among which 
(0001) sapphire is frequently used resulting from the high quality of grown 
ZnO films as well as the large size and low cost of sapphire wafers
127,129-131
. In 
our experiments, ZnO thin film samples were prepared on both sapphire and 
SiO2/Si substrate via PLD technique for the PES measurement and device 





2.2 Device fabrication and measurement 
    
In order to measure the electronic properties of prepared nanomaterials, the 
fabrication of field effect transistor based on these materials is required. Here, 
we briefly demonstrate the techniques involved in the FET fabrication and 
characterization, giving a background for understanding the experimental 
details in the next three chapters. 
 
2.2.1 Electron beam lithography 
 
The first transistor was presented in 1947 at Bell labs with relatively large size 
according to today's criterion. The development of lithography techniques has 
revolutionized the conventional electronic and optoelectronic industry, 
facilitating the production of smaller, lighter, and cheaper devices. The 
nanoscale device fabrication relies on the lithography process including a 
variety of exposure sources, such as X-ray, visible light, electron beam 
(e-beam), and ions. Among those exposure schemes, e-beam lithography 
(EBL)
132
 enables the fabrication of fine structures with the size even down to 
10 nm, attributed to the low diffraction limit for electrons. On the other hand, 
the productivity of e-beam on photo resist is pretty low. This means that the 
EBL is not suitable for the large area lithography applications. In this thesis, 
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tiny electronic devices are required to characterize prepared nanomaterials, 
making EBL an ideal technique for such device fabrication.  
    EBL utilizes electron beams with energy ranging from 10 keV to 100 keV 
to impinge on a well-defined area of the sample protected by a photo resist. By 
using this technique, we can pattern the sample in the desired position and 
shape. The standard procedure of EBL patterning on the photo resist is 
illustrated in Fig. 2.5 (a). A thin film of photo resist is first spin coated on a flat 
substrate. Upon the e-beam exposure on the selective region, the solubility 
properties of exposed resist will be changed
133,134
. For positive resist, it 
becomes more soluble in specific developing solution after e-beam exposure, 
resulting in the removal of exposed resist during proper development process. 
On the contrary, e-beam exposed negative resist remains on the substrate after 
developing; while the unexposed region is removed by the developer. In our 
experiments, PMMA, as a typical positive resist, was used for EBL patterning. 
Methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) mixture was used 
as PMMA developer. The exposure and development conditions during EBL 
process were carefully optimized as well. The lithography process was carried 
out by FEI Nova NanoSEM 230 scanning electron microscope (SEM) 
system
135
, as demonstrated in Fig. 2.6. A fine focused electron beam was 
scanned on the sample surface in the high vacuum (~10
-6







Fig. 2.5 (a) Standard procedure of EBL patterning on both positive and negative resist. 
(b) Illustration of metal deposition and liftoff process. 
 
 
Fig. 2.6 Photograph and schematic of FEI Nova NanoSEM 230 system135. 
 
    After EBL patterning, the remaining resist forms a mask on the desired 
nanomaterial for further treatments. For the purpose of FET fabrication, metal 
thin films are required to deposit on these materials as the electrical contacts. In 
this thesis, we deposited metal thin films via the thermal evaporation method in 
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the high vacuum. In general, gold is widely utilized as metal electrodes due to 
its anti-oxidization nature in the atmosphere. However, the thermally 
evaporated Au layer cannot be firmly attached onto the SiO2 substrate, which 
requires an adhesive metal layer
137
 deposited between Au and the substrate. 
Chromium (Cr) or titanium is commonly used as the adhesive layer in the 
evaporation process
82,90
, which also acts as the interlayer that ensures the 
ohmic contacts between metal electrodes and semiconductor nanomaterials
29
. 
Following the metal deposition, the undesired metal layer is able to be lifted off 
via dissolving photo resist in resist removal solution (e.g. acetone for PMMA). 
The liftoff process largely depends on the thickness difference between resist 
and metal layer, as well as the undercut of the developed pattern. As shown in 
Fig. 2.5 (b), if the coated resist is thick enough with respect to the deposited 
metal layer, the resist remover can directly interact with resist through the gap 
between two metal layers across the pattern edge, hence easily removing the 
metal layer on the resist. Moreover, a T-shape undercut of developed pattern 
can also remarkably improve the metal liftoff, which can be realized by two 
layers spin coating of the photo resist and its copolymer, such as PMMA and 
methyl methacrylate (MMA)
138
. This two layers structure will be adopted and 
discussed in chapter 4. Fig. 2.7 (a) presents a typical fabricated device based on 





Fig. 2.7 A typical exfoliated graphene based device (a) before and (b) after plasma 
etching. 
 
    For graphene based FET devices, a further EBL process is usually 
required to etch the graphene channel into a regular shape, which facilitates the 
accurate calculation of channel aspect ratio. In general, the graphene sample 
after liftoff is spin coated again with a photo resist layer to pattern the region to 
be etched via the second EBL process. The unexposed resist acts as the etching 
mask during O2 plasma treatment
139
 to protect the underlying graphene; while 
the exposed graphene region is fully etched by O2 plasma that is generated in a 
reactive ion etching (RIE) system under high vacuum. After the removal of 
resist, the graphene device with regular conduction channel is shown is Fig. 2.7 
(b), as compared to the previous non-etched device.  
 
2.2.2 In situ electrical transport measurement 
 
For the electrical transport measurement of fabricated FET devices, the tiny 
electrodes deposited on the substrate should be connected to the macroscopic 
measurement facilities. In our experiments, the SiO2/Si chip with fabricated 
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devices was first pasted on a chip carrier via conductive silver paste. The small 
electrodes on the chip were then carefully wire-bonded to the outer metal pads 
of the chip carrier under an optical microscope. The chip carrier can be further 
plugged into a carrier socket configured with home-made connections to 
measurement equipments. All these intermediate connections are illustrated in 
Fig. 2.8. The electrical transport measurements were performed using Ailgent 
2912A precision source/measure unit (SMU)
140
, which can easily output and 
measure direct current (DC) signals on the multiple channel basis.  
    Since the prepared nanomaterials are very sensitive to the air ambient, we 
carried out most of the measurements in the vacuum conditions. In order to 
surface dope the as-made devices, the molecular beam epitaxy technique was 
used to evaporate doping species under high vacuum. Owing to the remarkable 
sensitivity of some doping species to the air exposure, such as vacuum 
evaporated MoO3, in situ electrical measurements were conducted during the 
deposition of doping layers. Our home-made in situ electrical characterization 
system is demonstrated in Fig. 2.9. The main chamber is configured with a 
turbo molecular pump that maintains the high vacuum level of ~10
-8
 mbar 
during experiments. The chip carrier with as-made devices is installed on the 
sample stage with electrical connections to the outer ports. Under high vacuum, 
the doping molecules are in situ thermally evaporated from a Knudsen cell onto 
devices. A quartz crystal microbalance (QCM) is exactly located in front of the 
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sample stage to carefully detect and calibrate the nominal thickness of 
deposited layers. All the electrical signals are shielded by the vacuum chamber 
or metallic covers, which significantly reduces the electrical noise level during 
measurements. The in situ FET characterization integrated with MBE growth is 




Fig. 2.8 (a) A wire-bonded chip carrier. (b) The carrier socket with further connections 
to measurement facilities. 
 
 
Fig. 2.9 (a) Schematic illustration and (b) photograph of the home-made in situ 





2.3 Photoemission spectroscopy 
 
The surface transfer doping of high work function materials on fabricated 
devices originates from the interfacial charge transfer between nanomaterials 
and doping layers, which can be directly reflected by the band bending of 
electronic energy spectra at the interface. The electronic energy spectrum of a 
specific material can be characterized by photoemission spectroscopy which is 
a well established experiment tool extensively used in the study of 
surface/interface science. The fundamental principle of the technique is based 
on the famous photoelectric effect proposed by Einstein in 1905. When the 
light is incident on the surface of a material, the photon of light directly 
transfers its energy hν to the electrons within surface atoms, leading to the 
emission of the photoelectrons. The kinetic energy of emitted electrons can be 
calculated by Einstein's equation: 
k bE h E   ,                     (2.1) 
where Eb is the electron binding energy with respect to the Fermi level, and Φ 
represents the work function of the material, which is minimal energy electrons 
need to overcome to escape from the surface of material. Only the electrons of 
surface atoms can be emitted without energy loss induced by lattice collision 
under light irradiation, suggesting that PES is a surface sensitive technique that 
mainly provides the electronic energy information of surface atoms. In PES 
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measurement, the photoelectrons excited by light source are collected by an 
electron energy analyzer, in which a kinetic energy spectrum (counts versus Ek) 
is obtained after analysis. Fig. 2.10 schematically illustrates a typical PES 





Fig. 2.10 Example of a typical PES spectrum exhibiting the various energy levels. The 
inset displays the schematic of photoelectron emission process in a PES experiment 
(reprinted with permission from Ref. [141]). 
 
    According to the energy of light sources, PES can be divided into two 
main categories, ultraviolet photoelectron spectroscopy (UPS) and X-ray 
photoelectron spectroscopy (XPS). Relatively low photon energy in the 
ultraviolet region (< 100 eV) is employed in UPS measurement; while XPS 
uses high energy X-ray as the exciting source. Utilizing the UV light source, 
UPS detects the photoelectrons emitted from the shallow valence band, and 
thereby enables the study of valence band states. The energy level alignment at 
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interfaces is usually established by UPS, from which important parameters, 
such as edge of valence band (or HOMO leading edge) and work function of 
the sample, can be derived. From the PES spectrum shown in Fig. 2.10, the 
work function can be derived by the formula: 
 , ,k F k SECOh W h E E       ,              (2.2) 
where the Ek,F and Ek,SECO correspond to the kinetic energy of Fermi level and 
secondary electron cutoff (SECO), respectively, and W is the spectrum width 
defined by the difference between Ek,F and Ek,SECO. The Fermi level of the 
sample is pinned to the Fermi level of UPS system that is usually calibrated by 
the UPS spectrum of metal materials, where a clear Fermi-Dirac distribution 
appears around the position of Fermi level. The Ek,SECO can be determined by 
the linear extrapolation of low kinetic energy onset in the UPS spectrum. It is 
worth noting that in order to overcome the work function between the 
spectrometer and sample, a negative bias is generally applied to the sample to 
facilitate the measurement of SECO. For semiconductor samples, the edge of 
valence band or HOMO leading edge can be easily specified from the onset of 
valence band in low binding energy spectrum.  
    As compared with UPS, XPS explores the core level states of high 
binding energy via the excitation of X-ray. The electrons of core levels are 
emitted under the irradiation of X-ray, and subsequently separated and counted 
in the energy spectrometer. In XPS spectrum, each energy peak corresponds to 
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the characteristic bind energy of the elements and their chemical states in 
compounds, which makes XPS an information rich method to determine the 
chemical composition of the sample. In our experiments, XPS was mainly used 
to investigate the band bending of our sample after in situ surface modification, 
which can be observed from the shifts of characteristic peaks in the XPS 
spectra. 
    Typical PES experimental setup consists of an UHV chamber, a light 
source of high energy, an electron energy analyzer, and a data collection 
system. For our experiments, we carried out the in situ PES measurements in a 
custom designed UHV system with the base pressure better than 10
-10
 mbar, as 
shown in Fig. 2.11. The He I (21.2 eV) and Mg Kα (1253.6 eV) were utilized 
as the excitation light source for UPS and XPS measurements, respectively. All 
PES spectra were recorded by Omicron EA 125 semispherical analyzer
142
 at 
normal emission angle at room temperature. The doping molecules were 
thermally evaporated from a Knudsen cell onto the sample in the UHV growth 
chamber which is directly connected with the PES measurement chamber. 
After the growth of surface doping layers, the sample was in situ characterized 
by UPS/XPS technique, which provides a pure interface investigation without 
the influence of air exposure and further correlates with the results of in situ 










































Graphene, as a truly 2D carbon atomic single layer, has been demonstrated to 
be a promising candidate of the next generation electronic materials, owing to 
its excellent electronic properties, such as high mobility at room temperature. 
To enable the fabrication of various graphene based electronic devices, the 
modulation of its electronic properties is the core content of graphene based 
electronics. The carrier concentration and type in graphene can be effectively 
controlled by applying an external electrostatic field, which can be achieved 
using a tunable top or back gate separated from the conduction channel by an 
insulating dielectric layer
14,15,66-68
. However, this electrostatic modulation 
requires complicated lithography techniques for device fabrication which 
largely limits its practical applications. In recent years, a surface transfer 
doping method has been demonstrated to reliably and effectively dope 
graphene via a large variety of modification species, which has been introduced 
in details in chapter 1. Among these species, the transition metal oxide 
molybdenum trioxide has been extensively utilized as an effective p-type 
56 
 





    As shown in Fig. 3.1
146
, the crystal structure of solid MoO3 is based on a 
series of weakly interacting bilayers which are oriented perpendicular to the 
[010] y axis. Each bilayer is composed of two sublayers of distorted MoO6 
octahedra that provide three crystallographically inequivalent oxygen sites for 
each Mo atom. In the gas phase, MoO3 exists in the molecular form with a Mo 
atom centred by three double bonded O atoms. MoO3 is an insulating transition 
metal oxide with a wide band gap of ~3 eV. On the other hand, the vacuum 
grown MoO3 thin films by thermal evaporation are amorphous and strongly 
n-type with a large electron affinity of ~6.7 eV and ionization potential of ~9.7 
eV as well as a high work function of ~6.8 eV
84,86
, resulting in their strong 
p-type doping behaviors on contacted species. This high work function MoO3 
thin films have been widely used to improve the hole injection efficiency in 
organic electronic devices
85-87,144,145
. In addition, MoO3 is thermally and 
chemically stable
89
, making it compatible with the harsh experimental 






Fig. 3.1 (a) Crystal structure of orthorhombic MoO3 consisting of a series of bilayers. 
(b) Distorted MoO6 octahedra highlighting the bond ordering (reprinted with 
permission from Ref. [146]). 
 
    As discussed in chapter 1, MoO3 has exhibited significant p-type doping 
effect on graphene based on both in situ PES study
89
 and Hall measurement
90
. 
Remarkable band bending of graphene spectrum was observed in the in situ 
PES measurements, indicating the significant interfacial charge transfer 
occurring at MoO3/graphene interface. From the device perspective, the ex situ 
Hall measurement results reveal the non-destructive p-type doping on graphene 
via MoO3 modification. Nevertheless, due to the severe work function decrease 
of vacuum evaporated MoO3 upon air exposure
88,90
, it is highly desired to in 
situ evaluate the doping effect of MoO3 on graphene from the field effect 
transistor perspective. In this chapter, in situ FET characterization was 
combined with MBE technique to carefully probe the doping effect of MoO3 
on CVD graphene based FET at room temperature. The in situ deposited MoO3 
layer can effectively p-type dope CVD graphene. Moreover, the doping process 
did not severely degrade the charge carriers (holes and electrons) mobility. This 
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can lead to significant enhancement of graphene conductivity, with about 7 
times increase in conductivity for CVD graphene coated with 10 nm MoO3, 
demonstrating great potentials as transparent, conducting, and flexible 
electrodes in flexible optoelectronic devices. In this work, we also conducted 
detailed investigations on the air exposure effect on tuning the conductivity of 


















3.2 Experimental details 
 
Large area single layer graphene was synthesized on the copper foil following 
the standard CVD process that has been briefly introduced in chapter 2. The 
experimental details are listed as follows: The 0.025 mm thick Cu foil (Alfa 
Aesar, item No. 13382) was cut into 1 cm strips and loaded to the centre of a 
50 mm diameter quartz tube that is configured with a rapid thermal furnace. 
The quartz tube was evacuated first and back filled with hydrogen. 
Subsequently, the reaction chamber was heated to 1000 
o
C with the maintained 
hydrogen pressure of 150 mTorr under a 10 sccm flow rate for 30 mins. After 
the Cu foil was stabilized at desired temperature, up to 1000 
o
C, CH4 flow of 
40 sccm was introduced to the quartz tube for 30 mins at the total pressure of 
400 mTorr. At last, the CH4 flow was shut off, and the furnace was cooled 
down to room temperature. 
    The as-grown graphene sheet on Cu foil was subsequently transferred to 
300 nm SiO2/p++ Si substrate for back gated FET fabrication via the wet 
transfer procedure discussed in chapter 2, including PMMA spin coating on Cu 
foil, chemical etching of copper by APS solution, rinsing in DI water, and 
removal of PMMA capping layer. The Raman spectroscopy was conducted on 
the transferred CVD graphene on SiO2/Si substrate to check the number of 
graphene layers, as presented in Fig. 3.2. The sharp 2D peak and large intensity 
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ratio of 2D peak to G peak were found in the Raman spectrum, yielding the 
characteristics of single layer graphene
147,148
. The low intensity D peak and 
weak asymmetry of 2D peak indicate the few defects and small portion of few 
layers graphene existing in CVD synthesized graphene. 
 
 
Fig. 3.2 Raman spectrum of transferred CVD graphene on SiO2/Si substrate. 
 
    The conventional EBL technique was used to pattern source and drain 
electrodes. The device images after each step of EBL are illustrated in Fig. 3.3. 
Firstly, the A5 PMMA solution (5% PMMA in anisole) was spin coated on the 
substrate at 4000 rpm followed by 3 mins baking at 180 
o
C to obtain a resist 
layer of ~350 nm. The sample was then loaded into FEI Nova NanoSEM 230 
system for e-beam exposure following the pre-designed patterns via a proper 
dose (350 μC/cm2 for ~350 nm PMMA). Additional markers were also 
patterned around electrodes for the alignment of the second EBL process. After 
e-beam patterning, the sample was developed in MIBK/IPA (1:3) mixture for 
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70 s followed by 60 s rinsing in IPA. To fabricate the metal contacts, 5 nm Cr 
and 50 nm Au bilayer was deposited on the substrate via thermal evaporation. 
After overnight liftoff in acetone, the second EBL process was conducted to 
pattern the etching mask on devices using the similar parameters. 50 W O2 
plasma treatment was subsequently performed to etch away the unprotected 
graphene. Finally, the PMMA protection layer was removed by acetone, 




Fig. 3.3 Optical images of a device after (a) development and (b) liftoff in the first 
EBL process, and (c) development and (d) removal of masks in the second EBL 
process. 
 
    The fabricated devices were annealed in H2/Ar atmosphere at 250 
o
C for 3 
h to remove surface residues and improve metal/graphene contact. A typical 
as-made device with the channel aspect ratio (width to length) of 3:10 is 
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illustrated in Fig. 3.4 (a). The electrical transport measurements for all devices 
were carried out in our home-made in situ electrical characterization system 
(see chapter 2) under room temperature. MoO3 molecules were evaporated in 
situ from a Knudsen cell onto devices in the high vacuum of ~10
-8
 mbar. The 
nominal thickness of MoO3 layer was precisely detected and calibrated by the 
QCM located precisely in front of sample stage. Fig. 3.4 (b) shows the 
schematic illustration of MoO3 covered graphene FET. Arising from the high 
vacuum environment during measurement and deposition of MoO3, the 
influence of air molecules on the graphene devices and MoO3/graphene 
interface can be eliminated, which provides a clearer insight to surface doping 
effect of MoO3 on graphene from the FET perspective.  
 
Fig. 3.4 (a) Optical image of a typical fabricated CVD graphene device. Inset: SEM 
image of magnified conduction channel with aspect ratio of 3:10. (b) Schematic 
illustration of graphene FET layout with in situ deposition of MoO3 thin film. 
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3.3 Results and discussion 
Fig. 3.5 exhibits the typical electrical transport characteristics of fabricated 
CVD graphene FETs in the high vacuum. The source-drain current (Isd) versus 
source-drain voltage (Vsd) plots show the superior linearity for both negative 
and positive sweep of Vsd under different gate voltages (Vg), indicating the 
ohmic contact between graphene and metal electrodes. The transfer 
characteristic (Isd-Vg) at 0.1 V bias demonstrates a typical ambipolar behavior 
with the minimum (Dirac point) located at positive gate voltage, which 
suggests the p-type conduction of the pristine CVD graphene. This p-type 
doping mainly originates from the oxygen and water species trapped between 
graphene and SiO2 substrate
98,99






Fig. 3.5 Isd-Vsd characteristics with Vsd ranging (a) from 0 to -0.1 V and (b) from 0 to 
0.1 V under different gate voltages. (c) Transfer characteristics of the same device at 
0.1 V bias. 
 
 
    The typical in situ measured transfer characteristics evolution during the 
deposition of MoO3 is presented in Fig. 3.6. The conductivity of graphene 





   ,                       (3.1) 
where L and W represent the length and width of conduction channel 
respectively. The initial transfer curve without MoO3 deposition shows the 
Dirac point located at ~11.5 V, indicating the p-type conduction behavior for 
the bare CVD graphene. When the thickness of MoO3 increased from 0.02 nm 
to 0.1 nm, the Dirac point gradually moved to around 70 V, which yields nearly 
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60 V positive shift compared with the pristine graphene, revealing a 
remarkable p-type doping effect of MoO3 on the CVD graphene. Moreover, the 
transfer curve kept positively shifting with even higher thickness of MoO3, 
where the Dirac point was unreachable beyond 80 V that is the safe gate 
voltage compliance for our device measurement. This strong p-type doping 
effect is mainly attributed to the interfacial electron transfer from graphene to 






Fig. 3.6 Transfer characteristics (gate voltage dependent conductivity) evolution with 
the increased MoO3 thickness from 0.02 nm to 0.1 nm with the step of 0.02 nm. 
 
    In order to visually compare the transfer curves with different MoO3 
thickness, we plot the conductivity as a function of carrier concentration, as 







,                    (3.2) 
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where VD represents the gate voltage of Dirac point, 0i rC d   is the 
capacitance per unit area between graphene and back gate, and εr = 3.9, d = 300 






   ,                      (3.3) 
the field effect mobility for both electrons and holes were extracted from the 
maximum slope (
gd dV ) of each branch of the ambipolar transfer 
characteristics away from Dirac point, and thus plotted with respect to carrier 
concentration at zero gate voltage in Fig. 3.7 (b). It was found that the hole 
mobility slightly dropped from ~2800 cm
2
/Vs to ~2100 cm
2
/Vs as carrier 
concentration increased; while the electron mobility almost remained 
unchanged at ~2000 cm
2
/Vs. This reveals that weak carrier-carrier scattering 
was induced by MoO3 modification in graphene devices, which is quite 







Fig. 3.7 (a) Conductivity versus carrier concentration plots for the CVD graphene FET 
covered with different MoO3 thickness. (b) The field effect mobility for both electrons 
and holes as a function of carrier concentration. Inset: the Dirac point shift as a 
function of MoO3 thickness. 
 
    Originating from the significant Dirac point shift and nearly reserved 
carrier mobility, the graphene conductivity was largely enhanced after the 
MoO3 modification. As illustrated in Fig. 3.8 (a), the conductivity of CVD 
graphene was rapidly increased at low coverage of MoO3 and further reached 
~400 mS after the deposition of 10 nm MoO3 which is almost 7 times higher 
than the conductivity of pristine graphene. This significant conductivity 
enhancement provides an efficient and non-destructive p-type doping method 
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for CVD graphene based electronic devices. Moreover, MoO3 is transparent in 
visible light region due to its wide band gap
149,150
. MoO3 modified CVD 
graphene film with largely enhanced conductivity can be a promising candidate 
as transparent, conducting, and flexible electrodes for their applications in 
flexible optoelectronic devices. 
    Air exposure has been demonstrated to reduce the work function of MoO3 
and thereby degrade its doping effect on graphene
90
 or organic 
semiconductors
88
 in the previous reports via in situ photoelectron spectroscopy. 
To examine the air exposure effect on MoO3 decorated graphene FET, the 
device was exposed in the air under different pressures. As shown in Fig. 3.8 
(a), the conductivity of MoO3 modified graphene started to decrease from the 
high vacuum level (~10
-8
 mbar) to relatively lower level (~10
-3
 mbar). A further 
~20% conductivity decrease was found after the exposure to the atmosphere. 
This suggests that the doping effect of MoO3 was attenuated under air exposure, 
but still significant (~5 times enhancement) compared with the pristine 
graphene. To further demonstrate the Dirac point movement under air exposure, 
a separate graphene FET was in situ deposited by 0.15 nm MoO3 layer and 
subsequently exposed in the atmosphere. As presented in Fig. 3.8 (b), the Dirac 
point shifted to ~80 V coated with 0.15 nm MoO3 and returned to ~55 V after 
air exposure. When the exposed device was placed into high vacuum again, the 
Dirac point almost stayed at the same value (~55 V), revealing that the 
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reduction of doping effect is irreversible, in consistent with previous studies on 





Fig. 3.8 (a) CVD graphene conductivity as a function of MoO3 thickness. The air 
exposure slightly decreases the conductivity of the CVD graphene covered with 10 nm 
MoO3 layer. (b) Transfer characteristics evolution of a separate device with deposition 










In this chapter, the strong surface transfer p-type doping effect of MoO3 on 
CVD graphene FET is demonstrated via the in situ FET characterization. Large 
Dirac point shift to positive gate voltage at low coverage of MoO3 indicates 
remarkable p-type doping efficiency of MoO3 on graphene. The electron and 
hole mobility of CVD graphene were nearly reserved with increased carrier 
concentration, facilitating the significant enhancement of graphene 
conductivity. Coated with 10 nm MoO3, the conductivity of CVD graphene can 
be increased by almost 7 times. Air exposure can lead to irreversible 
suppression of doping effect of MoO3. However, air exposed graphene with 
high coverage of MoO3 layer still presented nearly 5 times enhancement of 
conductivity compared with pristine graphene. Our results provide a surface 
modification scheme to efficiently and non-destructively p-type dope CVD 
graphene, hence largely enhance the graphene conductivity, for the potential 
applications in graphene based electronics as well as graphene based 







Chapter 4  




In the in situ characterization of fabricated CVD graphene devices, the transfer 
curve shifted to the positive gate voltage with nearly retained charge carrier 
mobility at low coverage of MoO3. With the further deposition of MoO3, the 
Dirac point kept moving beyond the safe gate voltage range (e.g. 80 V) in 
which the leakage of SiO2 dielectric as well as the breakdown of devices will 
not occur during measurements. This makes it impossible to measure the Dirac 
point position and the maximum slope of transfer curves at higher coverage of 
MoO3, resulting in the failure of determination for carrier concentration and 
mobility. More interestingly, the transfer characteristics progressively exhibited 
an inflected shape in the low gate voltage region during MoO3 deposition, 
especially for high coverage of MoO3. With increased MoO3 thickness, the 
inflection point tended to be localized at specific gate voltage, and meanwhile 
the distortion degree of this inflection phenomenon differed from devices 
during the measurements. 
    Fig. 4.1 demonstrates the transfer characteristics evolution of two separate 
devices with relatively high MoO3 thickness from 0.5 nm to 10 nm. The 
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obvious inflection point was localized and became stronger with increased 
MoO3 coverage in the first device; while the transfer curve of the second 
device was remarkably distorted to form a localized minimum during the 
MoO3 deposition. This localized inflection point or minimum emerged 
throughout almost all of the measured devices, which mainly originates from 
the electrical contribution of undoped graphene underlying the electrodes, as 
discussed later. The electrical transport through the junction between doped and 
undoped graphene will be discussed in the MoO3 doped graphene lateral 
transistors in this chapter. 
 
 
Fig. 4.1 Transfer curves evolution of two separate devices with in situ deposition of 
MoO3 from 0.5 nm to 10 nm. 
 
    In order to figure out the origin of this localized inflection point (or 
minimum), we patterned different masks on exfoliated graphene devices for 
similar in situ electrical measurements at room temperature in this chapter. 
With the increased MoO3 thickness, double local minimums (or inflection 
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points) were found in the transfer characteristics, where one minimum was 
almost localized and the other kept positively shifting. The intensity ratio of 
these two minimums largely depends on the area ratio of mask protected 
graphene to MoO3 doped graphene. The electrical transport of such MoO3 
doped graphene lateral transistors can be understood by Klein tunneling in 
single layer graphene
65-68
, which is one of the most counterintuitive results of 

















4.2 Experimental details 
 
In this chapter, micromechanically exfoliated graphene was prepared on 300 
nm SiO2/Si substrate for device fabrication following the procedure introduced 
in chapter 2. The similar EBL processes were carried out to pattern source 
drain contacts and etching masks on exfoliated graphene for metal deposition 
and oxygen plasma etching respectively. As compared with large area CVD 
graphene sheet, the exfoliated graphene flake is much more limited in size, 
which requires more accurate alignment techniques in the EBL processes. The 
standard device fabrication procedure is demonstrated in Fig. 4.2. The only 
difference from CVD graphene device fabrication is that a large marker array 
was pre-written on the resist to incorporate the desired graphene flake. These 
markers became visible after development and served as the reference points to 
exactly locate the exfoliated graphene, facilitating the precise patterning of 
contacts on such tiny graphene flake. The typical etched graphene channel has 





Fig. 4.2 Optical images illustrating the fabrication procedure of exfoliated graphene 
FET. The scale bar is 10 μm for all the images. 
 
    To fabricate the graphene based lateral transistor, a shadow mask was 
patterned on the single graphene channel using one additional EBL process for 
the partial exposure of graphene to MoO3 deposition during in situ FET 
characterization. In the experiments, EBL was utilized to open two types of 
exposure windows upon the pre-coated PMMA layer precisely on the desired 
graphene channels. Fig. 4.3 (a) exhibits single window of different exposure 
lengths patterned on the devices of identical dimension; while equally 
separated windows of different quantity with the same total exposure length are 
illustrated in Fig. 4.3 (b). The as-made devices with different PMMA masks 
were electrically characterized with the progressive deposition of MoO3 in the 






Fig. 4.3 Fabricated graphene channels of identical dimension with (a) single window 
of different exposure lengths (1 μm, 5 μm, and 10 μm), and (b) multiple windows of 
different quantity (1, 6, and 11) with the same total exposure length (half of the 
conduction channel). 
 
4.3 Results and discussion 
 
The typical Isd-Vsd and transfer characteristics of fabricated exfoliated graphene 
lateral transistors in the high vacuum are illustrated in Fig. 4.4. Ohmic contacts 
between exfoliated graphene and metal electrodes can be derived from the 
excellent linearity of Isd-Vsd plots. The Dirac point located at ~14.5 V indicates 
the p-type conduction of exfoliated graphene, which is similar to CVD 
graphene devices. Considering the aspect ratio (1:10) of conduction channel , 





/Vs respectively, according to the equation (3.1) and (3.3). Owing to 
the influence of PMMA protection layer, the carrier mobility is much smaller 
than the generally reported values (>8000 cm
2
/Vs) for exfoliated graphene
4,8
, 
but still as twice as the mobility of previous CVD graphene, which is 
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acceptable for the in situ electrical transport measurements.  
 
 
Fig. 4.4 Typical (a)(b) Isd-Vsd and (c) transfer characteristics of exfoliate graphene 
devices covered by PMMA masks. 
 
    During the deposition of MoO3, the transfer characteristics evolutions of 
devices with single window of different exposure lengths are shown in Fig. 4.5. 
For the 5 μm window device, the original Dirac point split into two local 
minimums with the increased MoO3 thickness, whereas one minimum was 
nearly localized at the initial position of Dirac point (~21.7 V), and the other 
gradually shifted to ~82 V after 0.16 nm MoO3 deposition. Similar 
phenomenon was also observed in other two types of devices. The device with 
1 μm exposure window exhibits a strong localized minimum and a weak 
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positively shifting inflection point; while the positively shifting minimum 
dominates the transfer curves of fully exposed graphene device with a weak 
localized inflection point. This reveals that the intensity ratio of these two 
minimums (or inflection points) significantly depends on the area ratio of 




Fig. 4.5 (a) Optical image of graphene lateral transistors with exposure window of 
different exposure lengths (1 μm, 5 μm and 10 μm). (b)-(d) Transfer characteristics 
evolutions of devices with (b) 1 μm (c) 5 μm (d) 10 μm exposure length with the 






    Taking the transfer curve of 5 μm window device with 0.08 nm MoO3 for 
example, the origin of these two minimums is illustrated in the energy level 
diagram shown in Fig. 4.6 (b). After the modification of 0.08 nm MoO3, the 
energy spectrum of exposed graphene was bended to higher energy levels 
compared with the neighboring graphene protected by PMMA. The Fermi level 
of the entire graphene channel was initially located below the Dirac point of 
PMMA covered graphene. As the gate voltage was swept along the positive 
direction, the Fermi level was upwards tuned to pass through four different 
regions as indicated in the diagram: 
 
1) Holes served as the charge carriers of both graphene with and without 
MoO3. The conductivity for both graphene decreased, resulting in the 
decrease of total conductivity. 
2) The carrier type of the pristine graphene (without MoO3 decoration) 
changed to electron; while holes remained as the carriers for the MoO3 
modified graphene. The conductivity of the pristine graphene rapidly 
increased around its Dirac point, exceeding the conductivity decrease rate 
of MoO3 covered graphene, which leads to the increase of total 
conductivity. 
3) The conductivity of the MoO3 modified graphene decreased faster than the 
conductivity increase of the pristine graphene. The total conductivity 
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started to drop again. 
4) The charge carriers of MoO3 doped graphene changed to electrons as well. 
The conductivity for both graphene increased, leading to the increases of 
total conductivity again. 
 
According to the mechanism proposed above, the two minimums appearing in 
the transfer curve just represent the Dirac points of graphene beneath PMMA 
layer and graphene coated by MoO3 respectively. Therefore, the band bending 
of MoO3 modified graphene can be estimated by the gate voltage shift of the 
second minimum, utilizing the equation (1.1) and (3.2). Upon the deposition of 
0.08 nm MoO3, around 37 V Dirac point shift was observed, leading to the 
band bending of ~0.19 eV. Following the similar calculation, the initial position 
of Fermi level can be determined to be ~0.14 eV below the Dirac point of 





Fig. 4.6 (a) Transfer characteristic of the device with half of conduction channel 
coated with 0.08 nm MoO3. (b) Energy level diagram of graphene with and without 
the modification of 0.08 nm MoO3, schematically illustrating the conductivity 
modulation during the sweep of gate voltage. 
 
    In the proposed mode, we simply qualitatively combined the conductivity 
of two graphene regions as the total conductivity, and the electrical transport 
through the interface between graphene with and without MoO3 was not taken 
into account. For the Fermi level adjusted between two Dirac points, the 
electrons of undoped graphene were required to overcome a potential barrier to 
pass through the MoO3 doped graphene region. The energy barrier was defined 
by the Dirac point difference separated by MoO3 modification, which could be 
82 
 
a large value at high coverage of MoO3
89
. However, the measured transfer 
curve seemed to remain its evolution trend during MoO3 deposition even at 
high coverage. Actually, the conduction electrons in single layer graphene are 
massless relativistic quasiparticles
7,12
. The tunneling transport of such 2D Dirac 
fermions follows Klein tunneling that can be described as the unimpeded 
penetration of relativistic particles through high and wide energy barriers, as 
discussed in chapter 1. Although the Klein tunneling in graphene has been both 
predicted and experimentally investigated in low temperature conditions
65-68
, 
herein we just utilize this concept to qualitatively understand our measurement 
results of doped graphene lateral transistors at room temperature. As a result of 
Klein tunneling, the electrons of graphene could penetrate the high energy 
barrier induced by MoO3 doping with very high transmission probability, 
resulting in the weak influence of lateral transport on the total conductivity of 
devices. Numerous research efforts have been devoted to the investigation of 
Klein tunneling in single layer graphene, which greatly helps to understand the 
electrical transport in the MoO3 doped graphene lateral transistors. 
    In order to further elucidate the Klein tunneling in the MoO3 modified 
lateral devices, the graphene channels with multiple exposure windows were 
characterized during MoO3 deposition, as presented in Fig. 4.7. For devices 
with the increased number of exposure windows, the transfer curves evolved 
into nearly identical two-minimum shape with increased MoO3 coverage. This 
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is mainly attributed to the same total exposure area of graphene channel for all 
devices, leading to the similar intensity ratio of those two local minimums. 
From the transport perspective, multiple MoO3 induced energy barriers of the 
same height did not cause strong conductivity decrease of the graphene channel 
compared with single barrier, which can be also interpreted by the high 
transmission probability of Klein tunneling in single layer graphene.  
 
 
Fig. 4.7 (a) Optical image of devices with the different number of exposure windows 
(1, 6, and 11). (b)-(d) Transfer characteristics evolutions of those devices with 









In this chapter, the exfoliated graphene based lateral transistors were fabricated 
and in situ characterized with the modification of MoO3. The intriguing double 
local  minimums (or inflection points) progressively emerged in the transfer 
characteristics during MoO3 deposition, while one was nearly localized at the 
original Dirac point and the other kept shifting to the positive gate voltage. 
These two minimums correspond to the Dirac points of graphene underlying 
PMMA and graphene modified by MoO3 respectively. Moreover, the intensity 
ratio of these two Dirac points remarkably depends on the area ratio of the two 
types of graphene. The electrical transport in such MoO3 doped lateral 
transistors can be understood by the relativistic Klein tunneling of charge 
carriers in single layer graphene to pass through the energy barrier induced by 
MoO3 doping. The results give a fully controllable method to partially modify 
graphene channel with effective surface dopants, which should be beneficial 
for the study of basic transport in graphene as well as the development of 








Tuning the electronic properties of ZnO nanostructures 




As a compound II-VI semiconductor, ZnO has been widely investigated 
attributed to its unique properties and versatile device applications. Owing to 
the direct wide band gap and large exciton binding energy, ZnO nanostructures 
have been commonly utilized as the building blocks for versatile optoelectronic 
devices
34-41,151-154
, such as UV lasers, light emitting diodes, and photodetectors. 
In spite of the wide band gap, ZnO exhibits a natural n-type semiconducting 
behavior, mainly attributed to its native defects. ZnO nanostructures configured 
electronic devices have demonstrated the remarkable electrical field effect with 
good performances
29,46,155-158
, such as high on/off ratio and acceptable charge 
carrier mobility, which facilitates the potential electronic applications of ZnO 
based nanomaterials. 
    ZnO nanowire, as a one-dimensional ZnO nanomaterial, has been 
synthesized with good control of dimension and crystallinity through various 
growth methods
31-33
. The optical and electronic properties of ZnO nanowires 
have also been extensively explored
3,29
. Single ZnO nanowire, usually with the 
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diameter below 100 nm, has an extremely large surface-to-volume ratio, 
facilitating that the influence of surface adsorbates play a dominant role in 
determining its overall physical properties. Similar to other metal oxide 
materials, ZnO nanowire is enriched by surface defects, predominantly oxygen 
vacancies, making it very sensitivity to various surface species, which has been 
reviewed in details in chapter 1. Recently, a surface transfer doping method 
based on interfacial charge transfer mechanism was proposed and applied to 
various semiconducting materials
19,159-161
. It has been demonstrated that the 
electronic properties of 2D nanomaterials can be easily modulated by surface 
modification overlayers. As discussed in chapter 3, the graphene based devices 
can be significantly doped via surface modification, resulting in the remarkable 
conductivity enhancement. For molybdenum disulfide (MoS2), a 2D transition 
metal dichalcogenides, the severe depletion of electron charge carriers was 
found in the n-type conduction channel of MoS2 after the deposition of MoO3 
overlayer
159
. As far as 1D nanomaterials, silicon nanowires have presented 
remarkable p-type conductivity enhancement through surface modification of 
MoO3 and F4-TCNQ
160
; while similar results was also observed in F4-TCNQ 
coated carbon nanotube FET devices
161
. However, the effects of surface 
modification layers on tuning the electronic properties of ZnO nanowires are 
rarely reported and less understood. Following the success of surface doping on 
various nanomaterials, the electronic properties of ZnO nanowire is believed to 
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be effectively modified through the decoration of high work function dopants. 
    In this chapter, MoO3 and 1,4,5,8,9,11-hexaazatriphenylene 
hexacarbonitrile (HATCN) were utilized to modify the surface of ZnO 
nanowires. Vacuum evaporated MoO3 film with remarkably high work function 
was used as the surface dopant again to decorate ZnO nanowire devices. 
HATCN, as another strong p-type dopant, has a large EA (~5.7 eV) and IP 
(~9.5 eV) with the Fermi level located very close to the LUMO leading edge, 
indicating its strong electron accepting property
162-165
. The chemical structure 
of HATCN molecule is illustrated in Fig. 5.1. Due to the low deposition 
temperature and excellent electron accepting nature, HATCN has been widely 












    Similar to chapter 3, in situ FET characterization was integrated with 
MBE technique to explore the electrical transport characteristics of surface 
functionalized ZnO nanowires. Significant electron charge carriers depletion 
was found in both MoO3 and HATCN coated ZnO nanowires. The electron 
mobility was largely decreased for MoO3 modified ZnO nanowire FET; 
however, for HATCN coated ZnO nanowire, the electron mobility was 
significantly improved. In order to investigate the underlying mechanism of 
such strong surface doping effects, in situ UPS and XPS measurements were 
carried out on ZnO thin films with the deposition of MoO3. A clear band 
bending of ZnO was observed in both UPS and XPS spectra after MoO3 
coating, revealing a significant interfacial charge transfer occurring at the 
MoO3/ZnO interface, in consistent with the device measurements. In this work, 
the air exposure effects on MoO3 and HATCN coated ZnO nanowires were 
studied as well.  
    As a complement to the results of ZnO nanowire devices, the ZnO thin 
films were also prepared and configured as thin film transistor (TFT) devices 
for in situ electrical measurements. After the surface modification of MoO3, the 
ZnO thin film exhibited the similar electron depletion behavior compared to 
nanowire devices, indicating the significant electron charge transfer from ZnO 
thin film to MoO3 overlayer. The results of ZnO thin film devices had better 
correlation with the PES measurements which were also conducted on ZnO 
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thin film, thereby providing a deeper insight to the interfacial charge transfer at 
the MoO3/ZnO interface. 
 
5.2 Experimental details 
 
5.2.1 ZnO nanowire synthesis and device fabrication 
 
Large quantity of single crystalline ZnO nanowires were synthesized on the 
ZnO thin film coated Si substrates using a typical CVD method. The 
experimental setup is schematically shown in Fig. 5.2. An alumina tube was 
configured with a horizontal thermal furnace to act as the reaction chamber. A 
0.40 g powder mixture of ZnO (99.99%, Aldrich) and graphite (< 20 µm, 
Aldrich) in a weight ratio of 1:1 was placed at the bottom of a one-end-closed 
small quartz tube. A piece of Si (100) wafer pre-deposited with a 200 nm ZnO 
seed layer by PLD served as substrate and was placed nearer to the open end. 
The small quartz tube was inserted into the large alumina work tube, such that 
the powder mixture was positioned at the center of heating zone and the open 
end faced gas in-flow. The furnace was initially evacuated to a base pressure of 
2.0 × 10
-2
 mbar, before Ar carrier gas mixed with 0.25% O2 by volume of a 
total flow rate of 80 sccm was flown. The pressure in the alumina work tube 
was raised to 2 mbar by partially closing a backing valve. The furnace was 
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heated up to 900 °C within 40 min and held at that temperature for 15 min, 30 
min and 60 min respectively to synthesize ZnO NW arrays of various lengths. 
The local temperature at the Si substrate during the growth process was 
approximately 800 °C. After cooling down to room temperature, the Si wafer 
covered with gray color was taken out for further characterization.  
     
 
 
Fig. 5.2 Schematic illustration of CVD experimental setup for ZnO nanowires 
synthesis. 
 
    Without metal catalysts, ZnO nanowires were grown on the substrate 
under the vapor-solid mechanism
32,33
. Fig. 5.3 (a) shows the side view SEM 
image of synthesized ZnO nanowires with the average diameter of ~40 nm and 
length beyond 10 μm. The high-resolution transmission electron microscope 
(HR-TEM) image and selected area electron diffraction (SAED) pattern, as 
shown in Fig. 5.3 (b), demonstrate the single crystallinity of the as-grown 
nanowires with a preferred growth direction of [0001] along c axis and lattice 
spacing of 0.52 nm, in accordance with c lattice constant of ZnO crystals
101
. 
Room temperature photoluminescence was also conducted on the grown ZnO 
nanowires to study the defect states, as presented in Fig. 5.3 (c). The strong UV 
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peak located around 380 nm corresponds to the band-edge emission; while the 
broad defect-related emission of relatively low intensity was centred at ~525 
nm, revealing the relatively low level of defect states in as-grown nanowires. 
 
 
Fig. 5.3 (a) SEM image of as-grown ZnO nanowires from the side view. (b) HR-TEM 
image of a single ZnO nanowire showing the growth direction of [0001] along c axis 
and lattice spacing of 0.52nm. Inset: SAED pattern taken perpendicular to the stem of 
the nanowire. (c) PL spectrum of synthesized ZnO nanowires at room temperature. 
 
    To fabricate single nanowire FET devices, as-grown ZnO nanwires were 
dispersed in IPA by sonication. The prepared nanowire suspension was then 
dropped onto the heavily doped p-type silicon substrate coated with 300 nm 
thermal oxide, followed by the immediate gas flow drying. The density of 
transferred nanowires on the substrate can be controlled by the sonication time 
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and dropping suspension amount. The source and drain electrodes were 
precisely patterned on the single nanowire following the conventional EBL 
process, as discussed in the previous two chapters. Attributed to the small size 
of transferred nanowires, a marker array pattern was first written on the PMMA 
resist layer for the alignment of electrodes patterning. Fig 5.4 (a) illustrates the 
optical image of single nanowire coordinated with the markers under dark field. 
The extremely small diameter of nanowires made them invisible in the bright 
field of optical microscope. Therefore, dark field imaging under high intensity 
illumination was employed to locate the nanowires in our experiments. Another 
feature of device fabrication for ZnO nanowires is the use of bilayer resist 
structure for e-beam exposure. MMA, as the copolymer of PMMA, was first 
spin coated on the substrate, followed by the subsequent spin coating of 
PMMA. After proper e-beam exposure, the cross section of developed patterns 
on such bilayer resist is illustrated in Fig. 5.4 (b). The fabricated T-shape 
undercut facilitates the dissolution of resist during liftoff process especially for 
the high thickness metal layer. The deposition of thick enough metal layer is 
very necessary to ensure the good contact with nanowires.  
    In the experiments, 50 nm Ti and 100 nm Au layers were deposited on the 
substrate as metal contacts via thermal evaporation. After liftoff, the fabricated 
devices were annealed in H2/Ar atmosphere at 250 
o
C for 3h to remove surface 
residues and improve metal/nanowire contacts. A typical as-made ZnO 
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nanowire FET is shown in Fig. 5.4 (c) with conduction channel length of ~4μm. 
The in situ electrical transport measurements were conducted in the custom 
designed high vacuum system (10
-8
 mbar) at room temperature, where a 
Knudsen cell was used to evaporate both MoO3 and HATCN molecules onto 
devices. Fig. 5.4 (d) schematically illustrated a ZnO nanowire FET covered by 
MoO3 or HATCN modification layer. 
 
 
Fig. 5.4 (a) Dark field optical image of single ZnO nanowire coordinated with markers. 
(b) SEM image of the T-shape undercut of bilayer resist after development. (c) A 







5.2.2 ZnO thin film preparation and device fabrication 
 
ZnO thin films were grown on different substrates (Si, SiO2/Si, and sapphire) 
via PLD technique. A krypton fluoride (KrF) excimer laser (248 nm, 5Hz) with 
the energy of 300 mJ per pulse was irradiated onto the ZnO crystal target 
(99.999%) for the ablation of materials. The evaporated ZnO deposited on the 
substrate 8 cm away from the target under the temperature of 700 
o
C. The O2 
pressure was controlled at 0.5 mTorr during the growth process. After 30 mins 
deposition, nearly 100 nm ZnO thin film was synthesized on the substrate, 
which was calibrated by the step profiler or atomic force microscope (AFM). 
The AFM image of as-grown ZnO thin film on 300 nm SiO2/Si substrate is 
shown in Fig. 5.5 (a), indicating the average grain size of ~30 nm and 
roughness of ~1.18 nm. Following the similar EBL process, ZnO TFT were 
fabricated on the prepared samples using 20 nm Ti and 80 nm Au layer as the 
electrodes. A fabricated ZnO TFT with the conduction channel of 5 μm × 200 






Fig. 5.5 (a) AFM image of as-grown ZnO thin films on 300 nm SiO2/Si substrate via 
PLD. Scan size is 1 μm × 1 μm. (b) A typical as-made ZnO TFT device. 
 
5.2.3 In situ PES measurements 
 
    In situ UPS and XPS measurements were carried out in our custom 
designed UHV system (10
-10
 mbar) with He I (21.2 eV) and Mg Kα (1253.6 eV) 
as excitation sources respectively (details see chapter 2). Uniform ZnO thin 
films were prepared on sapphire substrate via PLD for the investigation of 
MoO3/ZnO interface. The nominal thickness of in situ deposited MoO3 layers 
was estimated by the attenuation of Zn 2p3/2 XPS core level peak intensity of 
ZnO thin film and further calibrated by QCM. Vacuum level shifts of the 
samples were specified from the secondary electron cutoff at the low kinetic 
energy region with an applied sample bias of -5 V. The energy level alignment 
at MoO3/ZnO interface was established by UPS; while band bending 





5.3 Results and discussion 
 
5.3.1 Surface modification of MoO3 and HATCN on ZnO nanowire devices 
 
Fig. 5.6 displays the typical electrical characteristics of fabricated devices 
under high vacuum condition. Source-drain current versus source-drain voltage 
(Isd-Vsd) plots, as shown in Fig. 5.6 (a), demonstrate the excellent linearity with 
Vsd ranging from −1 V to 1 V, suggesting that the contacts between electrodes 
and nanowire are ohmic. Transfer characteristic (Isd-Vg) at 1 V bias is presented 
in Fig. 5.6 (b). The increased positive gate voltage induced higher source-drain 
current, indicating a typical n-type FET behavior. By extrapolating the linear 
region of transfer curve from the point of maximum slope to zero current, 
positive threshold voltage Vth of ~21.4 V was determined, revealing the n 
channel enhanced mode for device operations
169,170
. This large positive Vth is 
mainly attributed to the surface defects and band bending at the interfaces 
between the ZnO nanowire and dielectric layer, which significantly depends on 
the surface morphology of as-grown nanowires
170
. Inset logarithmic plot shows 
the on/off ratio as high as 10
6
. Based on the transfer plot, the carrier 
concentration induced by gate voltage Vg can be estimated by: 
 
2





,                      (5.1) 
where C is the capacitance between back gate and single nanowire, L and r 
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represent the channel length and nanowire radius respectively. Based on the 













  ,                    (5.2) 
where d and εr are the thickness and dielectric constant of SiO2 respectively. If 
we choose Vg = 50 V in the linear region as the reference point, the carrier 




 was calculated using L = 4 μm, r = 20 nm, d = 
300 nm, and εr = 3.9. Similarly, the field effect mobility of ZnO nanowire can 
be evaluated to ~60 cm
2







,                       (5.3) 
where gm is the transconductance defined by sd gI V   extracted from the 









Fig. 5.6 (a) Isd-Vsd characteristics under different gate voltages from 20 V to 60 V with 
a step of 10 V. (b) Transfer characteristics at 1 V bias of the same device. Inset: 
logarithmic plot of the transfer curve. 
 
    MoO3 layer grown via thermal evaporation in high vacuum possesses high 
work function of about 6.8 eV with Fermi level located a few hundred meV 
below its conduction band
84
. By forming the physical contact with ZnO, 
electrons can transfer from ZnO to MoO3 due to the large work function 
difference, thereby leading to the electron depletion in ZnO. Fig. 5.7 (a) shows 
the typical transfer characteristics evolution of single ZnO nanowire FET 
devices after in situ deposition of MoO3 layers with different thickness. When 
MoO3 thickness increased to 2 nm, the threshold voltage gradually shifted from 
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22.9 V to 41.8 V along positive direction. This suggests a significant decrease 
of carrier (electron) concentration in the nanowire FET device, originating 
from the interfacial electron transfer from ZnO nanowire to MoO3 due to the 
large work function difference between them. With even higher thickness of 
MoO3 layers, the slope of linear region in transfer curves dramatically dropped, 
resulting in a severe decrease of source-drain current. The corresponding 
carrier concentration at 50 V gate voltage and carrier mobility were calculated 
and plotted as a function of MoO3 thickness in Fig. 5.7 (b). After the deposition 














/Vs. This reveals that the strong scattering of carrier transport was 
introduced through the modification of MoO3 layers. In addition, similar 
experiments were conducted on ZnO nanowire devices coated with HATCN, a 
strong electron acceptor in organic semiconductors
162-168
. As shown in Fig. 5.8, 
the transfer curve shifted positively with increased HATCN thickness and 
nearly saturated at ~10 nm HATCN, leading to a carrier concentration (at 50 V 








, which reveals a stronger 
electron depletion effect compared to that of the MoO3 modified devices. 
Moreover, the mobility of HATCN coated device was apparently enhanced 
from 60.2 cm
2
/Vs to 109.7 cm
2
/Vs. This mobility improvement is probably 





 to compensate surface defects that act as carrier 
scattering and trapping centers in ZnO nanowires. 
 
 
Fig. 5.7 (a) Transfer characteristics evolution with the increased MoO3 thickness from 










Fig. 5.8 (a) Transfer characteristics evolution with respect to the increased thickness of 
HATCN thin films. (b) Carrier concentration (50 V Vg) and mobility versus HATCN 
thickness. 
 
    In order to further understand the interfacial interaction between ZnO and 
MoO3 overlayers, we carried out the in situ UPS/XPS measurements on MoO3 
covered ZnO thin film. The evolution of UPS spectra at low kinetic energy 
region and valence band region with respect to MoO3 thickness is presented in 
Fig. 5.9 (a) and (b) respectively. The vacuum level (or secondary electron 
cutoff) of ZnO with MoO3 deposition can be determined via linear 
extrapolation of low kinetic energy onset in UPS spectra, which was utilized to 
calculate sample work function according to equation (2.2). The work function 
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of bare ZnO was measured to 3.78 eV. After 0.3 nm MoO3 deposition, the work 
function of ZnO sharply increased to 5.08 eV due to the significant interfacial 
electron transfer from ZnO to MoO3. At 5 nm MoO3, the work function further 
increased to 6.41 eV, suggesting a high work function of vacuum deposited 
MoO3 thin film. It is worth noting that at low coverage of MoO3 (below 1 nm), 
the UPS spectra are dominated by ZnO substrate rather than MoO3 overlayers. 
As demonstrated in the valence band spectra, the ZnO-related valence band 
shifted to lower binding energy by ~0.35 eV at 0.6 nm MoO3 coverage, 
suggesting an upward band bending of ZnO thin film. This upward band 
bending was further confirmed from the XPS core level spectra of Zn 2p3/2, as 
indicated in Fig. 5.9 (c). After the deposition of 5 nm MoO3, Zn 2p3/2 peak 
shifted to lower binding energy by ~0.4 eV, in good agreement with UPS 
results. By assuming a vacuum level alignment at the ZnO/MoO3 interface as 
shown by the energy level diagram in Fig. 5.9 (d), the large work function 
difference results in the placement of the Fermi level and conduction band edge 
of MoO3 much lower than that of ZnO. This can greatly facilitate a significant 







Fig. 5.9 UPS spectra at (a) low kinetic energy region (secondary electron cutoff) and 
(b) valence band region at low bind energy during the deposition of MoO3 on ZnO 
thin film. (c) XPS core level spectra of Zn 2p3/2 before and after 5.0 nm MoO3 








    Air exposure effect was also investigated on MoO3 and HATCN modified 
ZnO nanowire FET. The transfer characteristics before and after air exposure 
are illustrated in Fig. 5.10. Upon air exposure for the MoO3 coated device, the 
threshold voltage dramatically shifted from 41.1 V to 9.8 V, revealing an 









, and the carrier mobility significantly improved from 1.5 cm
2
/Vs to 11.5 
cm
2
/Vs. This severe attenuation of carrier depletion effect is ascribed to the 
reduction of MoO3 work function under air exposure, which has also been 
studied in chapter 3. In contrast, the air exposed HATCN coated device 
exhibited nearly reserved threshold voltage and slight mobility decrease from 
109.7 cm
2
/Vs to 88.8 cm
2
/Vs, revealing the superior stability of HATCN 
modification layers under air exposure compared to MoO3. Consequently, the 
air stable HATCN modification layer exhibited remarkable electron accepting 
behavior for ZnO nanowire based devices with significantly improved mobility; 
whereas MoO3, as a remarkably air sensitive p-type dopant, largely degraded 
the mobility of ZnO nanowire during the depletion process, making it not an 
ideal choice for surface modification of ZnO nanowires. However, the 






Fig. 5.10 Transfer characteristics (at 1 V Vsd) of (a) MoO3 and (b) HATCN coated ZnO 
nanowire FET before and after air exposure. 
 
5.3.2 MoO3 modification investigation on ZnO thin film devices 
 
Since the PES measurements were conducted on the ZnO thin film grown on 
the sapphire prepared by PLD, we also carried out the similar in situ FET 
characterization on ZnO based TFT device. The measured ZnO thin film was 
grown on SiO2/Si substrate using PLD technique. The typical Isd-Vsd 
characteristic of the as-made devices in the high vacuum is shown Fig. 5.11 (a), 
demonstrating the unsaturated high Isd even at 40 V Vsd and good ohmic 
contacts. The transfer characteristics at 20 V bias under air and vacuum 
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environment are illustrated in Fig. 5.11 (b). Significant conductivity 
enhancement was observed for vacuum conditions compared with air ambient, 
resulting from the desorption of surface adsorbates, such oxygen
44
, in the 
vacuum. However, the inset logarithmic plot presents a low on/off ratio of ~10
3
, 
deduced from a large off current (~10
-6
 A). Such high off current is mainly 
ascribed to the leakage between gate and source/drain electrodes, which 
originates from the diffusion of Zn atoms into SiO2 dielectric layer during PLD 





Fig. 5.11 (a) Isd-Vsd characteristics with Vsd from 0 to 40 V at different gate voltages. (b) 
Transfer characteristics of the same device under air and vacuum environment. Inset: 
logarithmic plot of the transfer curve in the vacuum. 
 
    Upon the in situ deposition of MoO3, both the Isd-Vsd and transfer 
characteristics evolution are shown in Fig. 5.12. Similar to nanowire results, 
the transfer curve exhibits the progressive shift to positive gate voltage with 
increased MoO3 coverage, indicating the obvious electron depletion in ZnO 
thin film. Unlike the nanowire case, the capacitance per unit area between ZnO 
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thin film and back gate can be estimated by 
0i rC d  . Since the transfer 
curve was measured in the linear region of Isd, the field effect mobility can be 







,                      (5.4) 
where L and W are the channel length and width respectively. According to the 
relation en  , the carrier concentration n at specific Vg can be determined 
by the conductivity and mobility. The calculated mobility and carrier 
concentration at 60 V gate voltage were plotted in Fig. 5.12 (c). After 10 nm 









; while the mobility slightly dropped from 9.5 cm
2
/Vs to 6.6 
cm
2
/Vs. The large mobility reduction in MoO3 modified nanowire devices was 





Fig. 5.12 (a) Isd-Vsd and (b) transfer characteristics evolution with the increased MoO3 
thickness from 0.5 nm to 10 nm. (c) Carrier concentration (60 V Vg) and mobility as a 




In this chapter, the significant depletion effect of electron charge carriers in 
single ZnO nanowire FET is demonstrated through the in situ surface 
functionalization of MoO3 and HATCN overlayers. It was found that the MoO3 
covered device exhibited the severe mobility decrease; while HATCN served as 
surface passivation layers to enhance the mobility of ZnO nanowires. In situ 
UPS/XPS characterization at the ZnO/MoO3 interface shows the clear upward 
band bending of ZnO, confirming the interfacial electron transfer from ZnO to 
MoO3, in good agreement with device measurements. Air exposure 
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investigations present the superior stability of HATCN to modify ZnO 
nanowire, compared to the air sensitive MoO3 overlayer. In addition, the in situ 
electrical characterization for ZnO thin film based TFT devices shows the 
similar electron depletion effect after the modification of MoO3, further 
demonstrating the charge transfer mechanism at ZnO/MoO3 interface from the 
device perspective. Our results can pave the way for the effective modulation 
of electronic properties of ZnO nanostructures based devices via surface 

















Conclusion and outlook 
 
6.1 Thesis summary 
 
This thesis investigates the modification effect of nanowire and 2D thin film 
devices, through the surface functionalization of coated overlayers. Typical 
back gated FET devices were fabricated based on synthesized nanostructures 
for electrical transport characterization. In situ FET characterization combined 
with MBE technique was utilized to carefully examine the surface transfer 
doping effect of surface overlayers on modulating the electronic properties of 
nanowire and thin film based devices. In situ PES measurements was also 
carried out to explore the interfacial charge transfer occurring at the interface 
between nanostructures and doping layer, which provides the underlying 
mechanism to understand and support our in situ device measurement results. 
    In chapter 3, we demonstrate the strong surface transfer p-type doping 
effect of single layer CVD graphene through surface modification of MoO3, a 
strong electron acceptor widely used in organic electronics. It was found that 
the Dirac point significantly shifted to positive gate voltage at low coverage of 
MoO3, suggesting the remarkable p-type doping efficiency of MoO3 on 
graphene. Meanwhile, the graphene mobility was nearly retained with 
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increased carrier concentration, leading to the significant conductivity 
enhancement. After 10 nm MoO3 deposition, the conductivity of CVD 
graphene was increased by almost 7 times, indicating great potential 
applications for graphene based transparent, conducting, and flexible electrodes 
in flexible optoelectronic devices. Furthermore, air exposure was demonstrated 
to irreversibly suppress of doping effect of MoO3. At high coverage of MoO3, 
the graphene device still exhibited nearly 5 times enhancement compared with 
pristine graphene.  
    Following the strong p-type doping behavior of MoO3, the MoO3 doped 
graphene lateral transistors were presented and characterized in chapter 4. 
During the deposition of MoO3, the transfer characteristics of such transistors 
presented the intriguing double local minimums, whereas one was nearly 
localized and the other kept positively shifting. It has been found that these two 
minimum correspond to the Dirac points of graphene with and without MoO3. 
Moreover, the electrical transport of graphene electrons to pass through the 
MoO3 induced energy barrier can be characterized by the relativistic Klein 
tunneling in single layer graphene. This experiment provides a controllable 
scheme to spatially and locally modify graphene channel for the potential 
applications in graphene based novel electronic devices. 
    In chapter 5, the surface modification of MoO3 and HATCN on ZnO 
nanowire FET devices was carefully probed. We demonstrate the significant 
112 
 
charge carrier (electron) depletion in single ZnO nanowire FET with the 
modification of MoO3 and HATCN overlayers. The mobility of ZnO nanowire 
was found to be sharply decreased with MoO3 deposition; while HATCN 
overlayer significantly enhanced the nanowire mobility. In situ PES 
measurement results exhibit a clear banding bending at ZnO/MoO3 interface, 
revealing the interfacial electron transfer from ZnO to MoO3, which is quite 
consistent with our device measurements. Air exposure of modified ZnO 
nanowire devices reveals that vacuum evaporated HATCN film is more stable 
upon air exposure than MoO3 modification overlayer. As a parallel comparison, 
ZnO thin film based TFT devices were also in situ characterized, showing the 
similar electron depletion effect with MoO3 modification. Our results provide a 
surface doping method to effectively tune the electronic properties of ZnO 











6.2 Further plans 
 
   In this thesis, we evaluate the surface doping effect of high work function 
adsorbates on graphene or ZnO nanostructures from the FET perspective, 
which provides the direct guidelines for potential electronic device applications. 
A variety of organic and inorganic species have been involved in the 
surface/interface studies, producing n-type or p-type doping behavior on 
various semiconductors. Our in situ electrical transport measurement gives a 
useful method to characterize the device response with surface 
functionalization in the high vacuum environment, which eliminates the 
possible influence of air molecules to the device performance or the doping 
process. For example, other strong p-type dopants, such as F4-TCNQ (see 
chapter 1), can be employed to surface dope graphene based FET device 
through the similar in situ characterization, giving a direct device evidence to 
the doping effect in addition to the existing spectroscopy investigations. Also, 
some effective n-type dopants may be used to modify graphene devices in an 
opposite manner, such as caesium carbonate (Cs2CO3) that has been widely 
used as an electron donator in organic electronic due to its low work 
function
171-174
. Based on the efficient and non-destructive doping schemes, 
graphene based novel functional electronic and optoelectronic devices can be 
further developed.  
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    As mentioned in chapter 1, the absence of graphene's band gap 
significantly limits its practical device application. The enhancement of on/off 
ratio in graphene FET devices has been one of the most important missions for 
graphene based electronics. The band gap opening can be realized by inducing 
asymmetry between two layers of bilayer graphene, which can be fulfilled by 
surface transfer doping method. Following this idea, vacuum evaporated MoO3 
can be applied to the bilayer graphene to generate an intensive internal 
electrical field, which should be much stronger than the electrostatic field 
induced by external gate voltages. We hope the MoO3 doping of top layer can 
open a sizeable band gap in bilayer graphene, thereby resulting in a higher 
on/off ratio in the bilayer graphene devices. On the other hand, the lateral 
transistors can be also fabricated on bilayer graphene. Upon the MoO3 
modification, the high energy barrier can be formed for the electronic transport 
in bilayer graphene channel. However, the tunneling of charge carriers in 
bilayer graphene is totally different from the Klein tunneling in single layer 
graphene, as predicted by theory
65
, namely chiral tunneling, which provides a 
large impedance for transmission of charge carriers through a high potential 
barrier. The MoO3 doped bilayer graphene lateral transistor is supposed to 
exhibit a largely improved on/off ratio, originating from both the band gap 
opening of MoO3 decorated bilayer grpahene and chiral tunneling of charge 
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